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Abstract
This dissertation presents research on two different biological systems: (1) the light-harvesting proteins in
the chromatophores of purple photosynthetic bacteria, and (2) the structure and function of the Hepatitis
C viroporin p7.
Purple photosynthetic bacteria form membranous pseudo-organelles called chromatophores which house
the photosynthetic machinery. These chromatophore structures are formed out of the cytoplasmic mem-
brane into various species-dependent shapes, such as spheres or flat lamellar folds. AFM images show that
chromatophores are densely populated by the light harvesting complexes LH1 and LH2. LH1 is always
found surrounding the reaction center, forming LH1-RC core complexes, which may be elliptically-shaped
monomers or S-shaped dimers depending on the species of bacteria. LH2 is a small ring-shaped complex
which is produced to expand the light-harvesting capacity of the chromatophore. In addition to their role in
photosynthesis, the LH2 and LH1-RC proteins may also influence the overall structure of the chromatophore
organelle. Molecular dynamics simulations were employed to explore the effects of LH2s and monomeric
LH1-RC complexes on the shape of the surrounding membrane. It will be demonstrated that small aggre-
gates of LH2 complexes can induce membrane curvature, but that mixtures of LH2 and LH1-RC monomers
cannot. Several factors that influence the degree of curvature are identified, and the implications of these
findings on chromatophore organization and morphology are discussed.
Hepatitis C virus (HCV) currently affects about 2% of the world’s population, is a major source of
cirrhosis and cancer of the liver, and is very difficult to treat. HCV is both prolific in virion production and
fast mutating, making it highly resistant to drug therapies. Therefore, the identification of novel drug targets
is highly desirable. The HCV genome encodes ten different proteins, one of which is a small transmembrane
protein called p7, which oligomerizes to form ion-conducting pores. The presence of functional p7 has been
shown to be critical for the late stages of the viral lifecycle, making it a potential drug target.
This dissertation explores several possibilities for the structure of the p7 oligomer, finding that p7 dis-
plays a preference for hexameric or heptameric arrangements in molecular dynamics simulations, but that
tetramers and pentamers are also stable in simulation. These results suggest that p7 displays some plasticity
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in terms of its oligomerization, and that multiple oligomerization states could co-exist, though only some
would form functional channels. Further investigations in to the hexameric model identified specific residues
which may be involved in channel gating. Finally, the hexameric model was fitted into a 3-dimensional
cryo-electron microscopy density map of a hexameric p7; simulations of that structure in DHPC and POPC
lipids illustrated the flexibility of p7 in adapting to different lipid environments.
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Chapter 1
Introduction
1.1 Membrane Reshaping by Light-Harvesting Complexes from
Bacterial Chromatophores
The work described here pertains to a most humble organism: the purple photosynthetic bacterium. These
single-celled creatures were likely the earliest photosynthetic organisms [8; 54; 204], and have survived to the
present day, mostly at the bottom of lakes and ponds, where they make use of the green and far-red light not
consumed by the plants and algae above. Photosynthetic activity in purple bacteria is heavily suppressed by
oxygen [42]; once placed in an oxygen-deprived environment, they begin producing light-harvesting proteins
and reaction centers, and their inner cell membrane begins to change, budding out into specialized pseudo-
organelles which will house the photosynthetic machinery. These structures, referred to in early literature as
the “intracellular membrane” and here as “chromatophores” come in various shapes, such as tubules, long
lamellar folds, or small vesicles [67; 80; 95; 98; 102; 130; 139; 141].
The photosynthetic machinery of purple bacteria is typically comprised of five types of proteins. The
light-harvesting complexes I (LH1) and II (LH2) absorb photons; this harvested energy is then passed down
to the reaction center (RC) in a process of excitation transfer elegantly described in [169–171]. At the RC,
the energy is used to give electrons and protons from the cytoplasm to carrier molecules called quinones,
which then diffuse through the photosynthetic membrane from the RC to the bc1 complex. At the bc1
complex, the electrons and protons are released into the periplasm, resulting in a proton gradient which
drives the production of ATP by the ATP synthase.
The light-harvesting LH1 and LH2 complexes each have a specialized role in this process. LH1 and
the reaction center are always found together, forming an LH1-RC complex, with the LH1 enveloping the
RC. LH2s are smaller, separate complexes, which fill the space between the LH1-RC complexes in addition
to forming large LH2-only antenna regions. LH2s are produced to expand light-harvesting capacity, both
in terms of the area available and in the spectrum of wavelengths that can be used. The amount of LH2
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present depends on the external conditions; in low-light situations, the bacterium produces more LH2s to
compensate [162; 165; 183]. Most species have an LH2 (a few have only LH1s [48; 102]), and some even
have an LH3 or low-light LH2 (another light-harvesting protein similar to LH2 but absorbing at different
wavelengths) that is produced in very low-light conditions [121; 122; 156].
LH2 is a ring-shaped oligomer composed of several identical subunits; the number of subunits in an
LH2 (typically between 8 and 10) varies among bacterial species, and sometimes even within the same
species [23; 76–78; 100; 158]. At the present time, there are only two LH2 crystal structures available, for
Ph. molischianum (PDB code 1LGH) and Rps. acidophila (PDB code 1NKZ), which have 8 and 9 subunits,
respectively. Each subunit of LH2 contains two protein chains, referred to as the α- (inner) and β- (outer)
subunits, as illustrated in Fig. 1.1. The majority of both the α and β subunits forms an amphipathic
transmembrane helix; the terminal regions of the α subunit bend sideways to lie in the plane of the membrane
and “cap” the LH2 structure. Both the α and β subunits are oriented such that the N-terminal region
points towards the cytoplasm and the C-terminal region faces the periplasm; they are roughly parallel to
one another, with the β subunit tilted slightly with respect to the α subunit. The α and β subunits are not
covalently bonded to one another, nor to their neighbors in the LH2 ring, but are held together via van der
Waals contact and hydrogen bonds with adjacent helices and liganded light-harvesting complexes.
Each LH2 subunit contains three chlorophylls and one carotenoid [134]. There are many types of chloro-
phyll; the one found in purple bacteria is called bacteriochlorophyll a (abbreviated here simply as BChl),
and it consists of a long hydrophobic phytol tail and a five-ring planar structure which has a magnesium
atom at its center. Carotenoids are long, hydrophobic molecules with a 40-carbon polyene chain and a head
region that is unique to each variety. The choice of carotenoid varies among species of bacteria; for exam-
ple, Rps. acidophila contains primarily rhodopin glucoside, whereas Rs. molischianum contains lycopene and
Rb. sphaeroides contains spheroidene. Following the circular geometry of the LH2 complex, the pigments
are scaffolded in circular arrays. There are two BChl rings; the ring closest to the periplasm contains two
BChls per subunit which are oriented vertically and absorb light around 850 nm, while the ring closest to
the cytoplasm contains one BChl per subunit oriented horizontally, absorbing around 800 nm. These rings
are typically referred to as the B850 ring and the B800 ring and sometimes LH2 itself is referred to as the
“B800-B850 complex”. The two B850 Bchls are liganded by a pair of highly conserved histidine residues
α-H31 and β-H30. The B800 Bchl is liganded by the N-terminus of the α subunit. The carotenoids, which
absorb at about 500 nm, wind between the α β-protein pairs, providing structural support in addition to
their role as pigments. The BChls in the LH1 complex absorb around 875 nm, so producing LH2s allows the
bacterium to harvest light at different wavelengths, both in the far-red and yellow-green ranges (which are
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the wavelengths that filter down to the bacteria in their ecological niche at the bottom of lakes and ponds).
Figure 1.1: Light-harvesting complex II (LH2) (from Rps. acidophila) is a ring-shaped protein composed of nine
identical subunits. The α subunits are colored light blue, the β subunits dark teal, the bacteriochlorophylls green,
and the carotenoids yellow. (a) and (b) show the top and side views of the protein, respectively; (c) shows one LH2
subunit, which contains the two transmembrane helices along with one carotenoid and three Bchls.
The LH1 complex is also built out of subunits containing α and β proteins that are homologous to those
in LH2. In LH1, each subunit contains a carotenoid molecule bound in the same way as in LH2, but scaffolds
only two Bchls, which are vertically oriented and absorb around 875 nm. These B875 Bchls are liganded in
a similar fashion as the the vertically oriented B850 Bchls in LH2, but there is no third horizontally oriented
Bchl that would correspond to the B800 in LH2. Unlike the free-standing LH2s, LH1 is always found in
complex with the reaction center. In species with monomeric LH1 complexes, the LH1 subunits form a
ring, typically of 16 subunits [82; 96; 147; 197], which surrounds the reaction center, as shown in Fig. 1.2.
The interactions between subunits in LH1 have been shown to be weaker than those in LH2, leading to a
more flexible, elliptically shaped structure [6]. In species with dimeric LH1 complexes, the subunits form
an S-shaped structure, depicted in Fig. 1.3, which envelops two reaction centers. The production of dimeric
LH1s is dependent on the presence of a single-helix protein called PufX [51; 68; 164; 173]. The location
3
Figure 1.2: Light-harvesting complex I (LH1) monomer, modeled for Rps. acidophila. The LH1 monomer consists of 16
identical subunits which surround the reaction center. The coloring is identical to Fig. 1.1. (a) and (b) show the top
and side views of the protein, respectively, and (c) shows one LH1 subunit, which contains the two transmembrane
helices, one carotenoid, and two Bchls.
of PufX within the LH1 S-shaped structure is a matter of debate, the two most likely places being at the
dimerization interface [155], or in an otherwise empty space inside the structure between the LH1 subunits
and the RC [144; 145]. Recent studies have suggested that PufX itself has a propensity to dimerize, and
that its presence at the dimerizing interface might guide the formation of LH1 dimers [13; 68; 71].
AFM imaging of chromatophore membranes has provided some insight into the arrangement of the pho-
tosynthetic proteins within the chromatophore. In species with lamellar chromatophores (such as Ph. molis-
chianum and Rps. palustris), AFM images have revealed domains containing a mix of LH1-RC monomers and
LH2s, as well as LH2-only regions [58; 156–158; 162; 163; 165]. Images of fractured spherical chromatophores
from Rb. sphaeroides, by contrast, show stacks of LH1-RC dimers interspersed with LH2s, and again regions
containing only LH2s [5]. These arrangements are schematically depicted in Fig. 1.4. Conspicuously absent
in all AFM images are the bc1 complex and the ATP synthase, and their placement relative to the other
proteins is a subject of debate [56; 58; 157; 158]. The number of ATP synthases per chromatophore is also a
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Figure 1.3: Light-harvesting complex I (LH1) dimer, modeled for Rb. sphaeroides. The LH1 dimer consists of xx
identical subunits which form an S-shape surrounding two reaction centers. The coloring is identical to Fig. 1.1. (a)
and (b) show the top and side views of the protein, respectively, and (c) shows one LH1 subunit, which contains the
two transmembrane helices, one carotenoid, and two Bchls.
matter of contention, with estimates ranging from one [40; 41] to about 10 [64]. It has been suggested that
these components might be inadvertently lost during the processing of the chromatophore membranes for
imaging, or be localized in highly-curved regions inaccessible to AFM [56]. An excellent review of existing
chromatophore AFM images and discussion of their implications for chromatophore organization is given in
[184].
The presence of LH1 and LH2 in the chromatophore and their arrangements relative to one another have
been suggested to influence the shape of the chromatophores. Some clues have been offered by mutation
studies. Rb. sphaeroides mutants that express LH2, but not LH1, produce normal, spherical chromatophores,
whereas mutants that express LH1, but not LH2, produce abnormal, tubular structures [98]. Further studies
found that chromatophore size was inversely proportional to LH2 concentration [183], which could suggest
that the presence of more LH2 leads to stronger curvature. LH1 dimers have been shown in cryo-EM images
to be bent at their dimerizing interface [145], which could naturally guide the chromatophore membrane
into a curved shape. The curvature effects of LH2 aggregates and LH1 monomers has been investigated in
molecular dynamics simulations [17; 18]; that work is described in Chapters 2 and 3 of this dissertation.
Membrane shaping by LH1 dimers is extensively described in the thesis work of former TCBG member Jen
Hsin [17; 72]. The implications of this set of MD simulations is that LH1 dimers and aggregates of several
5
Figure 1.4: Schematic representations of the organization of light-harvesting complexes in two species of purple
bacteria. a) The lamellar chromatophores of Rps. acidophila contain a mix of LH1-RC monomers and LH2s. b) The
spherical chromatophores of Rb. sphaeroides contain LH1-RC dimers, which have a propensity to stack together, and
LH2s. In both species, mixed regions containing both LH1-RC and LH2 was observed, as well as LH2-only regions.
LH2s can induce curvature, and may influence the shape of chromatophores.
The shaping of intracellular membranes is central to a variety of cellular processes, ranging from vesicle
budding and organelle formation, to cell growth [123; 210]. Cells often rely on proteins which interact with
the membrane in a complex way to generate the required curvature. These proteins can shape the membrane
from within, as in the case of integral membrane proteins such as LH1 and LH2 or ATP synthase [182], or from
the outside, as in the case of scaffolding proteins such as BAR domains [2; 3; 206; 207]. Membrane proteins
can induce curvature either singly by possessing a wedge-like shape, or via the aggregation and crowding of
multiple proteins [109]. Several theoretical publications have discussed these processes in detail [4; 49; 199].
Previous Monte Carlo simulations have gone so far as to suggest how domain formation in chromatophore
membranes could induce membrane curvature and vesiculation [52].
This dissertation will present several molecular dynamics simulations that were performed to study the
curvature-inducing properties of the light-harvesting proteins from the chromatophores of purple bacteria.
It will be demonstrated that LH2 complexes can generate curvature when they aggregate together in the
membrane. The degree of curvature was found to depend on how closely the LH2s are packed, as well as
on subtle characteristics of the individual LH2s that vary among bacterial species. Unlike aggregates of
pure LH2s, aggregates of LH2s around an LH1 monomer do not generate curvature. The protein-protein as
well as protein-lipid interactions were studied in order to explain how the curvature in LH2-only systems
comes about, and why it is absent in the LH1 monomer - LH2 system. The implications of these findings
on chromatophore organization and morphology are discussed.
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1.2 Modeling the HCV Viroporin p7
The second part of this dissertation relates to an even smaller, but much less benign, organism: the Hepatitis
C virus (HCV). HCV is a major cause of chronic hepatitis, liver cirrhosis and hepatocellular carcinoma,
affecting approximately 2% of the world’s population [105; 172]. There is no vaccination for the disease, and
patients often do not respond well to treatment. Among the difficulties in treating HCV is its high degree
of genetic diversity - under current classification there are six distinct genotypes of HCV, each with many
subtypes [174], which respond differently to treatment [117; 208]. This genetic diversity is in part due to
the error-prone RNA polymerase of HCV as well as its rapid replication rate, with a single infected person
producing upwards of a trillion viral particles per day [128]. These same features can lead to further viral
diversification within individual patients, increasing resistance to treatment [119; 153; 195]. The standard
course of treatment involves pegylated interferon together with the antiviral agent ribavirin which can have
severe side effects and is only partially effective, failing in up to 50% of cases [57]. The best strategy
going forward will likely involve the simultaneous use of several antiviral medications which disrupt HCV at
different points in its lifecycle.
HCV, first identified in 1989 [20; 70], is a member of the family Flaviviridae, which is a class of small
enveloped RNA viruses. These viruses have an outer envelope made of lipids, in which are embedded
proteins whose function is to aid viral entry into the cell by binding to receptor sites on the surface of the
host cell. Inside the envelope is the viral capsid, which contains a single strand of RNA. HCV has a 9.6-kb
positive-stranded RNA genome encoding a polyprotein precursor, which is processed by both host and viral
proteases into ten separate proteins (see Fig. 1.5): the structural proteins Core, E1, and E2 which form the
HCV particle, p7 and NS2 required for virus particle assembly, and the non-structural proteins NS3, NS4A,
NS4B, NS5A, and NS5B involved in HCV replication (reviewed in [33; 128; 186]).
The HCV life-cycle begins with the enveloped virus binding to the surface of the host cell. The E1
and E2 glycoproteins embedded in the outer envelope bind to receptor proteins (such as LDLR, CD81 and
SR-BI), initiating viral entry into the cell via clathrin-mediated endocytosis [12; 32]. Acidification within
the endosome then precipitates the release of the capsid into the cytosol. The 5’ untranslated end of the
HCV RNA folds into an internal ribosome entry site (IRES), used for recruiting host ribosomes to bind to
and translate the viral RNA into the polyprotein precursor. The first section of the precursor, containing
the structural proteins (core, E1, E2) and p7 is cleaved by host signal peptidases. The next segment
of the precursor protein, NS2/NS3 forms an autoprotease which cleaves the boundary between NS2 and
NS3. The N-terminal domain of NS3 together with NS4A then forms a viral serine protease responsible
for cleavage of the remainder of the non-structural proteins. The C-terminal portion of NS3 acts as an
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RNA helicase/NTPase. The HCV replication complex is assembled in the host endoplasmic reticulum (ER)
and/or in a “membranous web” derived from the ER membrane [34; 60] by the actions of NS4B. NS5A is
known to be essential for viral replication may be involved in modulating cellular signaling pathways. NS5B
is the viral RNA polymerase responsible for the synthesis of new viral RNA. The NS2 protein is not directly
involved in viral replication, but instead takes on a major role in viral particle assembly [10; 83; 84]. Finally,
p7 is a small integral membrane protein of 63 amino acids, which can oligomerize [22; 62; 112; 127] into
cation-selective pores [62; 127; 137; 143; 180; 181]. p7 is required for HCV infectivity [152] together with the
production of infectious virus particles [89; 178], and may play a role in viral assembly in concert with NS2.
It has been recently demonstrated that p7 channel activity, resulting in a global loss of organelle acidity in
the host cell, is required for the effective assembly and release of nascent virions [203].
At the present time there is no crystal structure for the p7 protein, as its small size and inherent flexibility
make it difficult to crystallize. The urgent need for new HCV therapies necessitates the exploration of
p7 as a potential drug target. It has been experimentally demonstrated that p7 forms two antiparallel
transmembrane segments connected by a conserved cytosolic positively charged loop region, with both the
N– and C–termini facing the lumen of the ER [15]. Combined NMR experiments and molecular dynamics
(MD) simulations published recently [127; 150] led to the identification of the secondary structure elements
of p7, and to the construction of a three-dimensional model of the monomer in phospholipid bilayer. The first
transmembrane segment can be divided into an N–terminal helix (2-16) and the TM1 helix (19-33) separated
by a turn involving the fully-conserved G18 residue. TM1 is connected to the second transmembrane segment
TM2 by a long cytosolic loop containing two fully conserved basic residues at positions 33 and 35. The
TM2 transmembrane helix is slightly bent due to the presence of residue P49, and the seven-residue C–
terminal segment is not structured. The overall structural motif is consistent with that deduced from NMR
experiments reported by Cook et al. [26–28]. Fig. 1.6B shows a model of the p7 monomer, highlighting
several important residues.
Modeling p7 oligomers is further complicated by the lack of consensus on the organization of the p7
subunits. p7 oligomers have been observed in both heptameric [22] and hexameric [62; 112] forms, and
several attempts have been made to construct models based on them. Clarke et al. [22] observed heptameric
p7 complexes in low-resolution TEM images, and suggested an arrangement in which the monomers are
packed in such a way that TM1 from one monomer could form favorable hydrophobic contacts with the
TM2 of the next monomer. A similar heptameric model was later constructed by StGelais et al. [180]
in an all-atom representation. Patargias et al. [136] modeled a hexameric complex employing structure
prediction and rigid-body docking in which adjacent monomers had minimal contact. Most recently, Luik
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et al. [112] observed p7 hexameric complexes in short-tail DHPC lipids by electron microscopy, constructing
a low-resolution three-dimensional density map at 16 A˚ resolution, which revealed a highly tilted flower-like
arrangement.
It is known that p7 can function as a cation-selective ion channel, but its method of achieving this
selectivity is not known. Experiments have highlighted certain residues which may be important for the ion
channel functionality of p7. StGelais et al. [180] reported the ion channel activity of several deletion mutants.
It was found, for example, that the mutation of the well-conserved residue F25 to alanine, together with
two other phenelalanines, F22 and F26, lead to a hyperactive channel. F25 is in the transmembrane portion
of TM1 and is believed to be a pore-lining residue, with its sidechain protruding into the pore. Another
well-conserved residue is P49, which appears to mark the transition point in TM2 between the structured
helical part and the more flexible, unstructured region. The possible involvement of H17 in p7 function is
controversial. p7 has been compared to the well-studied influenza viroporin M2, which uses a histidine (H37)
for pH-gating. p7’s H17 and M2’s H37 are both encompassed by a larger HXXXW/Y motif, as investigated
in [125]. However, although H17 is well-conserved in genotypes 1, 3 and 5, it is not conserved in genotypes
2 and 6. Further, deletion of H17 has been seen in experiments to be deleterious to some strains [180], but
appears to be harmless to others [19]. Outside of the pore-lining region, there is a series of leucines that
appear important for p7, possibly by modulating its interactions with NS2 or other HCV proteins [127]. The
connecting loop region between TM1 and TM2 contains two highly-conserved positively charged residues
(K33 and R35), which appear to be essential for p7 ion channel activity [61] and may also affect its ability
to oligomerize and to insert correctly into the membrane [138; 180].
The role of p7 in the viral life cycle is not limited to its ion channel activities. It has been shown that p7,
although not necessary for RNA replication, is essential for viral particle assembly and egress [89; 91; 178].
Growing evidence suggests that p7 regulates the localization and interactions of other HCV proteins involved
in the assembly process. In particular, p7 can modulate the localization of the multifunctional NS2 protein
within the host cell [187], as well as its interactions with E1, E2, and NS3 which appears to play a vital
role in particle assembly [177]. Deletion of p7 was seen to disrupt NS2-E2 and NS2-NS3 interactions [177],
and mutation of the conserved loop residues K33 and R35 to alanine was also shown to substantially reduce
NS2 interactions with NS3, E1, and E2 by altering the membrane topology of NS2 [113]. In addition, p7
was shown to induce localization of the Core protein to the ER [10], and to also influence NS2 localization
within the host cell [187].
p7 is classified as a viroporin, along with M2 from influenza A and Vpu from HIV-1, among others.
“Viroporin” is a slightly ambiguous term, one that invokes a picture of small peptides capable of aggregating
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into pore-like structures, but which makes no claims about the solute specificity of the resulting pores, or
about how that specificity is achieved. If one imagines a gradation on which at one end are passive, non-
specific pores and at the other end are intricately gated channels, viroporins fall somewhere in between.
Exactly where a particular viroporin falls on that scale depends on what virus it came from as well as the
environmental context in which the pore is formed. For example, the Vpu viroporin of HIV-1 has been shown
to be highly adaptable to changes in the lipid environment, allowing it to adopt different conformations in
the ER and Golgi apparatus [103; 135] by altering the tilt angle of the transmembrane helices with respect
to the membrane normal. Both these conformational changes and changes in the ion concentration can
alter the conductance and selectivity of Vpu [124]. Because of these properties, Vpu is said to exhibit a
“channel-pore” dualism, and it is likely that other viroporins behave similarly [44; 124]. Very recently, it
has been experimentally demonstrated that the ion-channeling function of p7 is sensitive to the local lipid
composition, and that changes in the lipid environment may alter the structure of p7 [201].
This dissertation will present several p7 oligomer models and suggest that p7 displays a preference for
forming hexamers or heptamers over tetramers and pentamers, but that all of these oligomerization states
are stable. This could imply that multiple oligomerization states may coexist in the membrane, though
only some are functional as channels. A hexameric p7 model which forms a transiently-open channel will be
described in further detail, and residues will be identified which could be involved with channel gating. The
reconciliation of this hexameric model with the structure shown in electron microscopy data is discussed,
positing that the differences between those structures can be explained by the local lipid environment.
The results of the MD simulations presented here are consistent with a picture of p7 as a flexible and
robust viroporin, and the models presented have implications for the elucidation of p7 structure-function
relationships and for novel HCV drug design.
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Figure 1.5: (A) HCV encodes 10 separate proteins: the structural proteins Core, E1, and E2 which form the HCV
particle, p7 and NS2 required for virus particle assembly, and the non-structural proteins NS3, NS4A, NS4B, NS5A,
and NS5B involved in HCV replication. (B) Illustration of the life-cycle of HCV. (a) HCV binds to receptors (possibly
CD81) on the surface of the cell. (b) The HCV virion enters the cell via clathrin-mediated endocytosis. (c) The HCV
genome, which is a single strand of positive-sense RNA, is released from the capsid. (d) Host ribosomes translate the
HCV genome into the polyprotein precursor. (e) The polyprotein precursor is cleaved into ten separate proteins by
host proteases, as well as the NS2/NS3 autoprotease and the NS3/NS4A serine protease. The replication complex
assembles in the endoplasmic reticulum and in the membranous web formed by NS4B. (f) NS5B forms an RNA
polymerase, which is responsible both for producing negative-sense template RNA from the original genome, and for
the production of more positive-sense RNA to be translated into protein or packaged into budding virions. (g) Core,
E1, and E2 localize in the endoplasmic reticulum; the formation of new virions takes place in lipid droplets that are
in close association with the ER. (h) The fully formed virions exit the cell.
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Figure 1.6: (A) The sequences of p7 from three commonly studied HCV strains, 1b HCV-J, 1b J4, and 2a JFH-1
(accession numbers D90208, AF054247, and AB047639 respectively) colored by residue type (white = hydrophobic,
green = polar, red = acidic, blue = basic). (B) Model of a p7 monomer, first presented in [127], colored by residue
type, with several important residues highlighted in licorice representation. H17 and F25 face the inside of the pore,
and may be involved in gating. K33 and R35, located on the connecting loop between the transmembrane helices,
are essential for p7 function. The aromatic residues F26, Y45, and W30 are involved in two pi-pi interactions that
stabilize the structure of the monomer. (C) A hexameric p7 oligomer model, constructed from the p7 monomer.
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Chapter 2
LH2-induced membrane curvature
Material in this chapter is reproduced in part with permission from Danielle E. Chandler, Jen Hsin, Christopher B. Harrison,
James Gumbart, and Klaus Schulten, “Intrinsic curvature properties of photosynthetic proteins in chromatophores”, Biophys-
ical Journal, 95:28222836 (2008).
2.1 Introduction
Protein-induced shaping of cellular membranes has garnered a great deal of interest in recent years [123; 210].
Common mechanisms of membrane shaping by proteins involve either protein scaffolds, e.g., BAR domains [2;
55], or the shape and oligomerization of integral membrane proteins, such as reticulons and DP1/Yop1p in the
endoplasmic reticulum [73]. An elegant example of membrane reshaping by membrane proteins is seen in the
chromatophores of purple photosynthetic bacteria [52; 81]. Chromatophores are the bacterial photosynthetic
pseudo-organelles which form as extensions of the cytoplasmic membrane upon transition to phototrophic
growth and house the photosynthetic proteins. The shape of these chromatophores varies among species,
the two most common forms being stacks of flat lamellar folds seen in Rhodopseudomonas (Rps.) acidophila
and Rhodospirillum (Rs.) molischianum and small spherical vesicles in Rhodobacter (Rb.) sphaeroides and
Rb. capsulatus [67; 95; 130; 139]. It is thought that the shape of the chromatophore is determined by the
proteins it contains, light harvesting complexes I and II (LH1 and LH2), cytochrome bc1 (bc1), and possibly
ATP synthase, and their interactions with the membrane and with each other [5; 52; 53; 81].
While the evolution of photosynthesis is quite complex [8; 132], purple bacteria are likely the earliest
photosynthetic organisms and as such have one of the simplest photosynthetic organelles [74; 204]. The so-
called photosynthetic unit of purple bacteria consists of only five types of membrane proteins: reaction center
(RC), LH1, LH2, bc1, and ATP synthase. Photons are absorbed by LH2, large arrays of which serve as broad
light-harvesting antennae. After light absorption, LH2 passes its excitation energy on to LH1, which then
passes the excitation energy to the RC, where electron transfer across the membrane is initiated. Within
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the RC, electrons and protons from the cytoplasm are given to molecules of quinone, forming quinols. The
quinols diffuse through the membrane to bc1, where the electrons and protons are released into the periplasm,
resulting in a proton gradient. This proton gradient, in turn, drives the synthesis of ATP in ATP synthase.
Structurally, LH2 is a ring-shaped oligomer which scaffolds an array of bacteriochlorophylls and carotenoids.
LH1 is an oligomeric protein which directly surrounds the RC, either forming a ring around the RC in its
monomeric form, or forming an S-shaped structure in its dimeric form, a choice which appears to be de-
termined by the absence or presence of the protein PufX in the Rhodobacter (Rb.) species [52; 53]. There
is a wealth of structural information on these photosynthetic proteins. Crystal structures of RC have been
published for a variety of species, including Rb. sphaeroides [14; 35], and crystal structures of LH2 exist for
Rps. acidophila and Rs. molischianum [100; 134]. The structure of bc1 from Rb. sphaeroides has also become
available recently [36]. There are presently no fully resolved structures available for a complete LH1 com-
plex, although the Rb. sphaeroides LH1β subunit and the dimerizing protein PufX have been individually
resolved [25; 191].
On a larger scale, AFM imaging has provided some insight into the organization of the photosynthetic
proteins in the chromatophore. Since the lamellar chromatophores of some species, such as Rs. molischianum
and Rps. palustris, are naturally flat, they are amenable to AFM imaging in their native form [42; 67; 130].
The small vesicular chromatophores of species such as Rb. sphaeroides and Rb. blasticus cannot be imaged in
their native form, but fractured or freeze-thawed membranes have been successfully examined [5; 155]. Images
of native chromatophores from Rs. molischianum and Rps. palustris show large regions of closely-packed LH2
and LH1 monomers [58; 156]. Fractured Rb. sphaeroides membranes reveal distinctive rows of LH1-RC-PufX
dimers. Farther away from the LH1-RC-PufX dimers, large regions of closely-packed LH2 complexes are
seen packed between the rows [5]. Images of freeze-thawed Rb. blasticus membranes also show LH1-RC-PufX
dimers and LH2, but they lack the domain organization seen in Rb. sphaeroides [155]. Whether this is caused
by membrane preparation or is representative of the natural state of Rb. blasticus membranes is not known.
ATP synthase and bc1 are enigmatically absent in all AFM images of chromatophore membranes [5; 58]. Their
absence has prompted hypotheses placing ATP synthase and bc1 at either the neck of the chromatophore,
where it connects to the cytoplasmic membrane, or at the pole of the chromatophore vesicle, as these portions
of the membrane are possibly lost in sample preparation [56; 170]; however, these hypotheses do not explain
the absence of the proteins in the untreated Rs. molischianum membranes [58].
Several articles have discussed how single integral membrane proteins may individually affect membrane
curvature [50; 199]. Simulations have previously demonstrated collective lipid responses to the transmem-
brane α-helices of the nicotinic acetylcholine receptor. Differently reacting leaves of the bilayer and a corre-
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lation between degree of lipid response and distance from the α-helices were found, indicating that specific
protein-lipid interactions may be crucial to understanding both the structure and function of membrane
bound protein complexes [151]. In addition, theoretical studies have previously been used successfully to
study the structure of photosynthetic proteins as related to their function [87; 88]. On a larger scale, the
cooperative action of many integral membrane proteins can induce protein aggregation [11; 99; 120]. A
recent coarse-grained simulation study observed the aggregation of protein “caps” in a membrane, and the
subsequent production of a vesicle from their combined action on the membrane [146]. A similar Monte Carlo
study explored the effects of LH1 and LH2 aggregation, modeling LH1 and LH2 as “beads” with intrinsic
curvature properties [52] and found that vesiculation is induced by the packing of the proteins, forming a
vesicle not unlike those postulated by Sener et al. and Geyer et al. [56; 170]. This idea is supported by
radiolabelling experiments on Rb. sphaeroides chromatophores which indicate that aggregation of LH1-RC-
PufX dimers and LH2s in the membrane directly precedes the formation of the chromatophores [81], as well
as the observed close-packing of the light-harvesting proteins in AFM images [5; 58; 155; 156].
Presented in this chapter is the initial set of molecular dynamics calculations that revealed that a small
aggregate of LH2s is able to induce membrane curvature on a timescale of tens of nanoseconds. The
publication containing this work also discussed the curvature-inducing properties of LH1-RC-PufX dimers
and bc1 complexes; these parts are not included here because they were not the work of the author of this
dissertation. It was found that a single LH1-RC-PufX dimer spontaneously bends at its dimerizing interface
in a way which also induces curvature, but that bc1 does not induce curvature in simulation, neither singly
nor in pairs. The simulations in this publication were the beginning of a study of much broader scope,
which seeks to explore the interactions between many light harvesting proteins that lead to the creation of
a chromatophore. In the case of LH2, it was found that systems of seven LH2s pack and induce curvature
in a way which depends on their packing density. The effects of different LH2 species ( Rps. acidophila vs.
Rb. sphaeroides) and packing arrangements were considered, and were compared to a “control” simulation
containing the non-curvature-inducing membrane protein rhodopsin.
2.2 Construction of the LH2 models
The Rps. acidophila LH2 model was taken from the 2.0 A˚ crystal structure (Protein Data Bank entry
1NKZ [134]). The Rb. sphaeroides LH2 was modeled based on the Rps. acidophila crystal structure by
mapping the homologous Rb. sphaeroides amino acid sequence onto the Rps. acidophila structure. Rps.
acidophila LH2 was chosen over Rs. molischianum LH2, which also has a high-resolution crystal structure
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available [100], because both Rps. acidophila and Rb. sphaeroides are known to have nine subunits whereas
Rs. molischianum has eight [100; 134; 197].
Since the sequence similarity between the protein subunits of Rps. acidophila and Rb. sphaeroides LH2s
is very high (see Fig. 2.1), the mapping is straightforward. The only part of the Rb. sphaeroides sequence
that could not be modeled in this way was an 11-residue insertion on the N-terminus of the β subunit.
Secondary structure predictions using PSIPRED [90] for this sequence (MTDDLNKVW) showed some affin-
ity for a helical arrangement, and modeling of the sequence as an alpha helix with the VMD [79] plugin
Molefacture revealed an amphipathic helix. Several other species of purple bacteria (Rb. capsulatus, Rd.
sulfidophilum, and Rbv. gelatinosus) contain a similar N-terminal extension of the β subunit. Experiments
have established that at least part of the homologous N-terminal extension in Rb. capsulatus is inaccessible
to solvent, suggesting that it may be submerged in the membrane [185]. An EM map of Rd. sulfidophilum
LH2 shows a density between adjacent β subunits which is not present in the EM map of Rps. acidophila;
the density may be attributable to the N-terminal extension lying between them [154]. Based on these
observations, the Rb. sphaeroides N-terminal region was modeled as an alpha helix, and was placed parallel
to the membrane with its hydrophobic face submerged, in a typical “snorkeling” amphipathic helix position.
These helices were packed against the LH2 mass so that they bridged the space between adjacent β subunits.
During simulation, the helices tended to stay near their starting position, suggesting that this is a favorable
placement.
The placement of the chromophore molecules in the Rb. sphaeroides model was based on that in the Rps.
acidophila structure. The bacteriochlorophylls are ligated by the same residues in both Rps. acidophila and
Rb. sphaeroides [131], so the bacteriochlorophylls from the Rps. acidophila structure were retained in the
Rb. sphaeroides model. The carotenoid present in Rb. sphaeroides is primarily spheroidene [23]. Placement
was done by mutating the rhodopin glucosides in the Rps. acidophila structure into spheroidenes, in order
to preserve the contacts that the carotenoids make with the protein and bacteriochlorophylls. The sequence
and structure of LH2 from Rps. acidophila is compared to the Rb. sphaeroides LH2 homology model in
Figure 2.1.
2.3 Construction of simulation systems
2.3.1 LH2 arrangements
Simulations were performed with Rps. acidophila LH2s and also with Rb. sphaeroides LH2s constructed via
homology modeling, to determine whether LH2 curvature properties would differ between the two species,
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Figure 2.1: Comparison of LH2 from Rps. acidophila and Rb. sphaeroides. (Upper) Sequence alignment of the α and
β subunits from Rps. acidophila and Rb. sphaeroides LH2. The α and β (mainly helical) subunits show 44% and 52%
sequence identities, respectively. Conserved residues are highlighted in blue. The most notable difference between
the two species is an N-terminal insertion in the β helix of Rb. sphaeroides, highlighted in green. (Lower) Structural
comparison of the Rps. acidophila LH2 crystal structure and the Rb. sphaeroides LH2 model. The proteins are shown
in a surface representation, colored according to residue type (blue is basic, red is acidic, green is polar, white is
nonpolar, and cyan is for the pigment molecules). The modeled N-terminal portion is indicated.
possibly due to the small structural differences between the two LH2 models. It is not certain how much
lipid should be present around the LH2s; AFM images of native Rs. molischianum show LH2s packed so
closely that there is no continuous layer of lipid between them [58], and images of reconstituted Rb. blasticus
membranes also show LH2s in direct contact [157]. AFM images of native Rb. sphaeroides membranes also
show LH2s in direct contact, but they may also accommodate a layer of single lipid between some LH2s [5].
Therefore, two packing arrangements were considered, one in which the LH2s were packed to allow just
enough space between LH2s for a single line of lipids (which will be referred to as the “sparse” arrangment),
and one in which they were packed more closely, with adjacent LH2s in direct contact (which will be referred
to as the “packed” arrangement). The simulation with tighter packing allowed us to investigate whether the
curvature is sensitive to closer protein-protein packing and to explore any specific protein-protein contacts
between adjacent LH2s. A summary of the simulations performed is given in Table 2.1.
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Table 2.1: Summary of simulations performed (Chandler et al. [17])
System Time Atoms Ion Conc. Dimensions (A˚3)
Rps. acidophila LH2s (sparsely packed) 14 ns 988,391 257 mM 350×350×87
Rb. sphaeroides LH2s (sparsely packed) 14 ns 970,485 208 mM 330×330×95
Rps. acidophila LH2s (closely packed) 14 ns 996,535 223 mM 350×350×87
19 rhodopsins 10 ns 880,243 315 mM 350×350×77
2.3.2 Construction of the lipid bilayer
There are several experimental reports on the lipid content of purple bacterial cytoplasmic and chro-
matophore membranes, which suggest that the membrane mainly consists of PE, PG, and PC lipids, but
which are inconsistent in terms of individual percentages [1; 104; 133; 149]. Additionally, the distribution of
the charged PG lipids is likely to be asymmetric, with the majority of the PG found on the periplasmic side
of the membrane [118]. We chose a simple, symmetric lipid distribution of 50% PE and 50% PG in order to
decouple the curvature effect due to the LH2 proteins from any possible spurious peripheral effect resulting
from an asymmetric lipid distribution. In each simulation system, the edges of the membrane patch were
padded with water in order to disconnect the patch from its neighboring images. Typically in membrane
simulations, the membrane extends to the lateral edges of the unit cell, and is thus continuous through the
periodicity of the system. However, the continuity of the bilayer at the unit cell edge makes it difficult to
observe curvature of the membrane. One way to circumvent this problem is to make a significantly longer
bilayer such that local curvature effects do not need to involve the entire membrane [9]. Since our system
sizes are already quite large, we instead chose to truncate the bilayer short of the unit cell boundary, as
shown in Fig. 2.2. When simulated for ∼3 ns, we see lipids move to cap the edge of the bilayer exposed to
water in a micellar fashion. This rearrangement of the simulated lipids occurs on a timescale similar to that
of lateral lipid diffusion (approximately 3 ± 0.6 A˚2/ns) previously observed experimentally and reproduced
in simulations of phospholipid bilayers [37].
2.3.3 Rhodopsin “control” system
In addition to the three LH2 simulations, a control simulation was performed containing 19 copies of the
protein rhodopsin. The 19 rhodopsins were arranged in a hexagonal array such that the area covered by the
rhodopsins was comparable to that covered by the seven LH2s in the previous simulations, and they were
placed in the same 300 A˚ × 300 A˚ membrane patch used in the LH2 simulations.
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Figure 2.2: Pure membrane in a water box with extra water padding around membrane edge. A short equilibration
was performed for a 50% POPE/50% POPG lipid patch with patch size 100 A˚ × 200 A˚. A 10 A˚ gap is left between
the edge of the lipid and the edge of the water box in all three directions. The phosphorus atoms are shown as spheres
colored in blue and red for POPE and POPG, respectively; the remaining lipid molecules are colored in green, and
the water box is shown in transparent blue. A) Starting arrangement (t = 0) in top (top), and side (bottom) view.
B) Lipid system at the end of equilibration at t = 2 ns, in a top (top), and side (bottom) view.
Molecular dynamics
All simulations were performed using NAMD 2.6 [140] and the CHARMM27 force field with the CMAP
correction [114; 115]. The TIP3P water model was used [93]. Long-range electrostatic forces were evaluated
using the particle-mesh Ewald (PME) summation method with a grid size of < 1 A˚. An integration time
step of 1 fs was used with a multiple time-stepping algorithm [63; 166]. Bonded terms were evaluated every
time step, with short-range non-bonded terms evaluated every second time step, and long range (> 12 A˚)
non-bonded terms evaluated every fourth time step. Constant temperature (T = 310 K) was maintained
using Langevin dynamics (damping coefficient = 1.0 ps−1). A constant pressure of 1 atm was enforced
independently in each dimension using a Nose´-Hoover Langevin piston (decay period = 100 fs, time constant
= 50 fs). All systems were first minimized and equilibrated in an NVT ensemble for 0.5 ns with all atoms
except the lipid tails restrained. The systems were then equilibrated in an NPT ensemble with only the
protein and pigments restrained for approximately 150 ps to allow the water molecules to equilibrate and the
water box size to stabilize. Finally, the systems were equilibrated in an NPT ensemble without restraints.
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2.4 LH2s induce membrane curvature
In each simulation, the LH2s packed together and tilted with respect to adjacent LH2s, producing a curved
patch within a few nanoseconds, and stabilizing to a final curvature after approximately 10 ns. The curvature
then remained relatively stable until the end of the simulation, as shown in Fig. 2.3. Additionally, the lipids
in contact with the LH2s adopted the same curvature as the LH2s, and the membrane as a whole adopted
an overall curvature after approximately 10 ns and retained that shape until the end of the simulation.
No substantial differences were observed in the curvature of Rps. acidophila versus Rb. sphaeroides LH2s;
however, the arrangement in which the LH2s were in direct contact produced curvature more quickly and
to a greater extent than the arrangements in which the LH2s had a line of lipids between them.
The curvature of the LH2 protein patch was analyzed by calculating the average tilt of the six peripheral
LH2s with respect to the central one. Both the Rps. acidophila and Rb. sphaeroides systems (in which the
LH2s were placed to allow lipids between them) equilibrated to a final average tilt angle of approximately
6◦ (6.1 ± 0.4◦ for Rps. acidophila and 5.5 ± 0.3◦ for Rb. sphaeroides) within 10 ns.
Using the relation (see Fig. 2.3):
R+
h
2
=
d
2 sin(θt/2)
, (2.1)
where h is the height of LH2 (h = 50 A˚), d is the distance between the centers of two adjacent LH2s
(d = 85 A˚ for this packing), θt is the tilt angle, and R is the radius of curvature, a tilt angle of 6
◦
corresponds to a radius of curvature of approximately 790 A˚. We analyze the curvature of the protein patch
rather than the curvature of the surrounding lipids because the curvature arises from the packing of the
proteins, with the lipids accommodating the curved hydrophobic transmembrane region of the proteins.
The system containing closely packed Rps. acidophila LH2s exhibited curvature more quickly than those
with looser packing, and equilibrated to a final average tilt angle of 8.5◦ (8.4 ± 0.3◦), corresponding to a
radius of curvature of approximately 495 A˚ (d = 77 A˚ for this packing). The smaller radius suggests that
the curvature properties of LH2 are strengthened by close crowding of the proteins. A typical radius for
a spherical chromatophore, by comparison, is approximately 150-400 A˚ [130], smaller than the curvature
radius observed in the simulations. However, it is expected that the inclusion of more LH2s would lead to
greater curvature [183]. That both species adopted approximately the same curvature was unexpected, as
the chromatophores of Rps. acidophila are lamellar and not highly curved. The results suggest that the
curvature properties of LH2 arise not from the structural differences, but rather from some other property
that is conserved in both species.
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Figure 2.3: Top and side views of seven LH2s in a membrane patch, alongside cartoon illustrations indicating the
tilting of the LH2s that drives membrane curvature. Explanation of Equation 2.1.
2.5 A control simulation: rhodopsin
To ensure that the curvature of the protein-membrane system was not an artifact of the simulation parameters
or of the edge effects caused by the water surrounding the membrane patch, a fourth simulation was run as
a control. This simulation contained 19 copies of the membrane protein rhodopsin (PDB entry 1H68) [148],
which is not thought to be involved in membrane curvature as it inhabits large, flat regions of retinal
cells [176]. The rhodopsins were placed in a membrane patch identical to that used in the LH2 simulations
and were arranged in a hexagonal array whose area was comparable to that covered by the seven LH2s,
as shown in Figure 2.5. This system was equilibrated for 10 ns (the time required for the formation of
curvature in the LH2 systems), and no curvature, either of the protein region, or of the membrane as a
whole, was observed. The absence of curvature in the rhodopsin system suggests that the curvature seen
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Figure 2.4: Plot of average tilt angle vs. time for the three simulations. The more sparsely packed Rps. acidophila and
Rb. sphaeroides systems converge to final tilt angles of ∼ 6◦. The closely packed Rps. acidophila system converged
to a final tilt angle of ∼ 8.5◦. The tilt angle between each of the outer six LH2s and the central LH2 was calculated,
and the six angles were averaged to compute an average tilt angle at each time step.
in the LH2 simulations was not caused by a simulation artifact, but was instead caused by protein-protein
and/or protein-lipid contacts specific to LH2.
2.6 Discussion
By using large-scale molecular dynamics simulations of the primary components of the photosynthetic chro-
matophore of purple bacteria, we have taken the first steps toward modeling the interactions and behavior of
a key multi-protein system at atomic resolution. The simulations illustrate that integral membrane proteins
are capable of inducing membrane curvature and suggest key factors that may drive the development of cur-
vature in these specific systems. It is worth noting that the curvature observed in our simulations is solely a
result of the atomic-scale interactions. No assumption of curvature was put into our model, distinguishing
it from coarse-grained and Monte Carlo simulations where each curvature-inducing element was assigned
a priori either a curved shape or a specific local curvature [52; 146]. In multiple simulations, an array of
seven LH2s developed curvature on the nanosecond timescale. This curvature was sensitive to the degree of
protein packing, but not to the species of LH2.
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Figure 2.5: Simulation of 19 rhodopsins placed in the same membrane patch as used in the 7-LH2 simulations.
This simulation was performed as a control for the LH2 simulations, to ensure that the curvature seen in the LH2
simulations is not an artifact produced by the water-exposed membrane edges. The 19 rhodopsins were arranged
hexagonally so that the area covered by the rhodopsins was comparable to that covered by seven LH2s. This rhodopsin
system was equilibrated for 10 ns (the amount of time needed for the formation of curvature in the LH2 systems).
No curvature was seen to develop. The absence of curvature in this control simulation suggests that the curvature
seen in the LH2 simulations is not a simulation artifact and instead, is due to interactions specific to LH2.
It was initially surprising to find nearly identical curvature in small patches of LH2s from two different
species, one producing vesicular and one producing flat chromatophores. Given the appearance of vesicu-
lar chromatophores in LH1-deficient mutants as well as the dependence of chromatophore radius on LH2
concentration [98; 183], it is tempting to single out LH2 as the primary curvature-inducing element that
determines whether chromatophores are vesicular or flat. Yet we see in our simulations that LH2s from
different species produce the same curvature, and that LH1-RC-PufX dimers also generate a net curvature
of their membranes. An explanation might be that while aggregates of LH2s always produce a net curva-
ture, such curvature can be disrupted by breaking up the LH2 domains. The connection between domain
formation and curvature is well supported by AFM studies of native photosynthetic membranes, which show
separate domains for vesicular chromatophores as opposed to relatively more homogeneous distributions for
flat chromatophores [5; 58; 158]. LH1 monomers interspersed randomly in LH2-rich regions may produce
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flat chromatophores. However, LH1 dimers and LH2s separated into mostly distinct domains may form a
non-zero global curvature and, thus, produce vesicular chromatophores. Recent Monte Carlo simulations
have also demonstrated that LH2 and LH1 dimers spontaneously self-organize during membrane budding to
form distinct domains [52]. In those simulations, it was assumed that LH1 develops a local curvature only
through interaction with LH2. While this mechanism still results in both proteins contributing to the overall
curvature, it does not explain the experimentally observed formation of tubular or vesicular chromatophores
in LH2-deficient mutants and species [80; 94; 98; 173]. It remains to be seen how interactions between
LH1-RC monomers differ from those of dimers.
Our simulations also clearly demonstrate a relationship between protein packing and curvature. In
simulations in which LH2s were in close contact, curvature formation occurred earlier and the degree of
curvature was greater than when LH2s were separated by a layer of lipids. The packing dependence of
curvature is supported by both theoretical and experimental studies. Coarse-grained simulations of curved
particles in a bilayer demonstrated that protein aggregation and curvature reinforce each other [146]; similar
results have recently been observed in Monte Carlo simulations of LH1 and LH2 [52]. AFM images of native
chromatophore membranes have also shown them to be well packed [5; 58; 155; 158]. The tight packing
serves a functional purpose as it is known to be a necessary condition for efficient energy transfer [170; 200].
Investigating the structure and organization of large, multi-protein complexes has only recently become
accessible to all-atom MD simulations. With the accessibility of such large systems also come new, large-
scale questions, such as the shaping of membranes by proteins. While we have focused on the curvature-
inducing properties of individual photosynthetic proteins, the current results point to many other avenues
of exploration such as the interplay between heterogeneous mixtures of chromatophore constituents.
2.7 Summary
Molecular dynamics simulations were performed on systems of seven LH2s in a lipid membrane, and it
was demonstrated that assemblies of LH2s can induce membrane curvature. LH2-induced curvature does
not depend strongly on the small sequence or structural differences between LH2s from different species.
However, the curvature effect is amplified by closer packing of the proteins. Additionally, a “control”
simulation was performed of 19 copies of the protein rhodopsin in a membrane identical to those used in the
LH2 simulations. The next chapter will explore the details of protein-protein interactions in LH2 curvature.
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Chapter 3
Mechanisms of LH2-induced
curvature
Material in this chapter is reproduced in part with permission from Danielle E. Chandler, James Gumbart, John D. Stack,
Christophe Chipot, and Klaus Schulten. “Membrane curvature induced by aggregates of LH2s and monomeric LH1s”, Bio-
physical Journal, 97:29782984 (2009).
3.1 Introduction
Here, we further explore the factors underlying LH2-induced membrane curvature and suggest that it arises
from a combination of packing and electrostatic interactions. We also find that aggregates of LH2s from all
species induce curvature, regardless of the natural chromatophore shape of those species. In particular, it
came as some surprise that LH2s from Rps. acidophila and Ph. molischianum induce curvature, since both
of these species have lamellar chromatophores. Since both of these species contain monomeric rather than
dimeric LH2 complexes, we also explored the interaction of LH1 monomers with LH2s and suggest that the
presence of LH1 monomers among the LH2s could dampen their curvature-producing tendencies.
3.2 Construction of LH2 and LH1-LH2 systems
LH2 variations. Several LH2 assemblies were constructed, all containing seven LH2s in a non-periodic
membrane patch composed of 50% POPE and 50% POPG lipids, as described previously. We simulated
LH2s from three species, using the crystal structures for Rps. acidophila and Ph. molischianum, and a
homology model for Rb. sphaeroides, as described in Chandler et al. [17]. Two packing arrangements
were again considered, referred to as the “closely packed” and “sparsely packed” arrangements. In the
closely-packed arrangement, adjacent LH2s are in direct contact, with no lipids in between; in the sparsely-
packed arrangement, approximately a single layer of lipids separates adjacent LH2s. The mutual rotational
orientation of the LH2s is not known, as AFM images do not show this level of detail. In our simulations, we
chose to translate each of the outer ring LH2s away from the central one without rotating it. However, due
to the 9-fold symmetry of Rps. acidophila LH2 (8-fold for Ph. molischianum) the rotational orientation can
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Table 3.1: Summary of simulations performed (Chandler et al. [18])
System Time Atoms Dimensions (A˚3)
Rps. acidophila LH2s (closely packed) 20 ns 996,535 350×350×87
Rps. acidophila LH2s (sparsely packed) 14 ns 988,391 350×350×87
Rb. sphaeroides LH2s (closely packed) 17.5 ns 959,379 330×330×95
Rb. sphaeroides LH2s (sparsely packed) 14 ns 970,485 330×330×95
Ph. molischianum LH2s (closely packed) 18 ns 890,948 330×330×87
Rps. acidophila LH2s charged residues → alanine (closely packed) 11 ns 882,951 330×330×87
Rps. acidophila LH2s charged residues neutralized (closely packed) 19 ns 1,075,455 330×330×105
Ph. molischianum LH2s charged residues → alanine (closely packed) 12 ns 887,690 330×330×87
Ph. molischianum LH2s charged residues neutralized (closely packed) 20 ns 1,082,926 330×330×105
Rps. acidophila LH1 with 7 LH2s (closely packed) 14 ns 1,677,754 380×380×125
matter only within a range of 40-45◦. To probe the importance of charged residues on LH2 curvature, we
created both “mutant” Rps. acidophila and Ph. molischianum LH2s by mutating charged residues to alanine,
as well as “neutral” LH2s by replacing the charged residues with their uncharged homologues [108]. The set
of simulations performed is listed in Table 3.1 (simulations from Chandler et al. [17] are included to compare
with new data). In each case, the membrane patch was placed in a water box composed of explicit TIP3
water, and the system charge was neutralized by the addition of sodium ions. The LH2 systems involved
880,000 - 1.1 million atoms, simulated over a combined 150 ns.
LH1 monomer. Modeling of an Rps. acidophila LH1 monomer began from the Rb. sphaeroides LH1-RC-
PufX model constructed in Chandler et al. [17]. Because of the lack of a high-resolution structure for any
of the components of the Rps. acidophila LH1-RC complex, homology models were built. LH1α and LH1β
show 53% and 41% sequence identity, respectively, between Rps. acidophila and Rb. sphaeroides. As no
sequences could be found for the Rps. acidophila RC components, the RC from Rb. sphaeroides was used
(PDB entry 1PCR). Because the RC is enclosed by LH1, we do not believe it plays a significant role in
LH1-LH2 interactions. A circular, symmetric ring of 16 LH1 α/β subunit pairs was built around the RC in
accordance with the position of the RC in the Rb. sphaeroides LH1-RC monomer originally constructed in
Hu and Schulten [75]. The resulting model was placed in a mixed POPE/POPG bilayer, solvated above and
below, and then simulated for 10 ns. The LH1 monomer adopted a slightly elliptical shape, with the major
axis corresponding to that of the RC, as expected from experimental images [6; 58; 82; 147; 156; 159; 162].
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The 10-ns-equilibrated model of the LH1 monomer was then used for building the LH1/LH2 assembly. The
LH1-LH2 system contained 1.7 million atoms simulated for 14 ns.
Simulation details. All systems were first energy minimized and equilibrated in the NVT ensemble for
0.5 ns with all atoms except the lipid acyl chains harmonically restrained. The system was then equilibrated
in the NPT ensemble with only the protein and pigments restrained for approximately 150 ps to allow
water molecules to hydrate the membrane-protein assembly and the size of the simulation cell to stabilize.
Finally, the system was equilibrated in the NPT ensemble without restraints. Simulations were performed
using NAMD 2.6 [140] and the CHARMM27 force field with CMAP corrections [114; 115]. The equations of
motion were integrated using a multiple time-stepping algorithm in which bonded interactions were evaluated
every 1 fs, short-range non-bonded interactions every 2 fs, and long-range electrostatics interactions every
4 fs. Short-range non-bonded interactions were truncated smoothly with a spherical cutoff radius of 12 A˚,
and a switching distance of 10 A˚. Long-range electrostatic interactions were calculated with the particle
mesh Ewald method [31], with a grid point density of approximately 1/A˚3.
Figure 3.1: A) Sequences of the wild-type and altered α and β proteins for Rps. acidophila, Ph. molischianum, and Rb.
sphaeroides used in the simulations. Positively charged residues are highlighted in blue, negatively charged residues
in red, and replacement alanines in grey. Green and white represent polar and nonpolar residues, respectively. B)
Two adjacent Rps. acidophila LH2s, showing the location of charged residues. C) The LH1 monomer with adjacent
LH2, again showing the location of the charged residues. The majority of the charged residues on the LH1 β chain
are located on a flexible region above where the LH2 contacts the LH1. The cytoplasmic side is the “top” side of the
protein in our representations.
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3.3 Results
The curvature of the LH2 protein patch was analyzed by calculating the average tilt angle of the six peripheral
LH2s with respect to the central one using Equation 2.1 (see Fig. 2.3 for derivation). For perspective, radii
of vesicular chromatophores typically range from 150 to 400 A˚ [130].
3.3.1 “Sparse” vs. “packed” LH2 arrangements for Rps. acidophila and Rb.
sphaeroides.
We explored the effect of packing on LH2 curvature for two species, Rps. acidophila and Rb. sphaeroides. Tilt
angle vs. simulation time is plotted for each species and each packing arrangement in Fig. 3.2A. The LH2
spacing for the sparse and packed systems were d = 85 A˚ and 77 A˚, respectively. The Rps. acidophila and
Rb. sphaeroides systems equilibrated to a final average tilt angle of 6.0◦ ± 0.4◦ and 5.4◦ ± 0.3◦ respectively,
for the “sparse” arrangement. In the “packed” configuration, Rps. acidophila equilibrated to a final tilt angle
of 8.6◦ ± 0.4◦ and Rb. sphaeroides equilibrated to an angle of 12.9◦ ± 0.5◦. The closer packing induced
curvature more quickly and resulted in a substantially higher final tilt angle in each case, showing that LH2
curvature is sensitive to the degree of protein-protein packing. A tilt angle of 6◦ corresponds to a radius of
curvature of approximately 790 A˚, while 8◦ corresponds to 530 A˚ (d = 77 A˚ for this packing), and 13◦
corresponds to 315 A˚.
3.3.2 Simulation of Ph. molischianum LH2 and comparison of the three LH2
species.
In addition to the previous simulations, a simulation was performed with closely-packed Ph. molischianum
LH2s. Ph. molischianum LH2 has only eight subunits, in contrast to the nine-subunit LH2s of Rps. acidophila
and Rb. sphaeroides. The tilt angles resulting from these simulations can be seen in Fig. 3.2B. The Rps.
acidophila, Rb. sphaeroides, and Ph. molischianum systems equilibrated to final tilt angles of 8.6◦ ± 0.4◦,
12.9◦ ± 0.5◦, and 11.2◦ ± 0.3◦ respectively. These results further suggest that all LH2s can induce curvature,
but that the extent of curvature varies among species.
3.3.3 Protein-lipid interactions.
An analysis of hydrogen bond formation between protein and lipids was also carried out. As many as 200
hydrogen bonds total formed between all seven LH2s and lipids over the course of each simulation; these
bonds were equally distributed between POPE and POPG lipid molecules, indicating no preferential binding
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Figure 3.2: A) Tilt angle vs. simulation time for Rps. acidophila and Rb. sphaeroides “sparse” and “packed” config-
urations. In the “sparse” configuration, Rps. acidophila and Rb. sphaeroides equilibrated to final angles of 6.0◦ ±
0.4◦ and 5.4◦ ± 0.3◦ respectively; in the “packed” configuration, Rps. acidophila equilibrated to 8.6◦ ± 0.4◦ and Rb.
sphaeroides equilibrated to 2.9◦ ± 0.5◦. B) Tilt angle vs. time for the “packed” configuration for Rps. acidophila,
Rb. sphaeroides, and Ph. molischianum. These systems equilibrated to final tilt angles of 8.6◦ ± 0.4◦, 12.9◦ ± 0.5◦,
and 11.2◦ ± 0.3◦ respectively. C-D) Tilt angle vs. time for Rps. acidophila and Ph. molischianum charged-residue
mutants. Mutating the (largely conserved) charged residues on the cytoplasmic side of LH2 to alanine substantially
reduced the curvature-inducing properties of both LH2 species. Neutralizing the charged residues reduced curvature
for Rps. acidophila but not for Ph. molischianum, suggesting that electrostatic forces from charged residues play a
greater role in Rps. acidophila than in Ph. molischianum.
for either lipid type to LH2 (see Fig. 3.3). Although the number of hydrogen bonds was similar for all three
species, they are distributed differently in each. For Rps. acidophila LH2, an equal number of bonds between
lipids and the cytoplasmic half and the periplasmic half of the protein form; however, in Ph. molischianum
and Rb. sphaeroides LH2, approximately twice the number of bonds are formed on the cytoplasmic half
compared to the periplasmic half (see Fig. 3.4). The greater binding of lipids on the cytoplasmic half of
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LH2 for the latter two species likely results from a greater number of charged residues compared to Rps.
acidophila LH2, and may enhance the curvature by amplifying the wedge shape of Ph. molischianum and
Rb. sphaeroides LH2.
Figure 3.3: Hydrogen bonds formed between protein and lipids over time. In A, B, and C, grey represents bonds formed
with POPE and cyan represents bonds formed with POPG for LH2 from A) Rps. acidophila, B) Ph. molischianum,
and C) Rb. sphaeroides. D) Comparison by species of hydrogen bonds formed between protein and all lipids over
time.
3.3.4 Simulations of Rps. acidophila and Ph. molischianum charged-residue
mutants.
Modified versions of the Rps. acidophila LH2 were constructed and simulated. These modified LH2s fall
into two categories: LH2s in which charged residues were mutated into alanine, and LH2s in which charged
residues were changed to uncharged homologues. These simulations were identical to the closely-packed LH2
simulations, except that the wild-type LH2s were replaced with these modified versions.
The alanine-replacement mutants were found to nearly eliminate curvature for Rps. acidophila; over
13 ns, the LH2s stabilized to a final tilt angle of approximately 3.0◦, giving a radius of curvature of 1446 A˚,
quite shallow compared to the wild-type system. One of these mutant LH2s contained no charged residues,
i.e., all of the charged residues (glutamate, aspartate, lysine, arginine) were mutated to alanine. This
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Figure 3.4: Hydrogen bonds formed with lipids for the cytoplasmic (light-colored line) and periplasmic (dark-colored
line) halves of LH2 from A) Rps. acidophila, B) Ph. molischianum, and C) Rb. sphaeroides.
mutation did not appear to destabilize the LH2s but perturbed the interactions of neighboring LH2s such
that it reduced their tilting behavior. The second mutant contained no charged residues on the cytoplasmic
side, but the periplasmic charged residues (which are accessible to solvent and not well conserved) were left
intact. The behavior of the two mutants was nearly identical, the first giving a final tilt angle of 3.4◦ ±
0.4◦ and the second giving 2.9◦ ± 0.3◦. A mutant version of Ph. molischianum was also constructed in
which all of its cytoplasmic charged residues were mutated to alanine. This mutation reduced, but did not
eliminate, the curvature-inducing behavior of Ph. molischianum LH2, decreasing the final tilt angle from
11.2◦ ± 0.3◦ to 8.6◦ ± 0.4◦. The Rps. acidophila neutral LH2 simulation showed reduced curvature, with a
final tilt angle of 6.0◦ ± 0.3◦, but the effect was less dramatic than for the alanine-replacement simulation;
the Ph. molischianum neutral LH2s showed roughly the same curvature (10.7◦ ± 0.3◦) as the wild-type Ph.
molischianum LH2s. The charged-residue mutant results are shown in Fig. 3.2C-D. These mutations also
resulted in the formation of fewer hydrogen bonds between LH2 and lipids (as much as 33% less in the
case of the Rps. acidophila alanine-replacement mutant, see Fig. 3.6). This reduction was greater for the
cytoplasmic half of the protein than the periplasmic half, thereby also reducing any potential contribution to
LH2’s effective shape. The fact that removal of the charged residues changed the overall curvature suggests
that electrostatics plays a role in curvature formation. That the “mutant” systems behaved differently from
the “neutral” systems implies that shape is also important, as the “neutral” LH2s preserved the shape of
the LH2 protein while the “mutant” versions replaced bulky side chains by smaller alanine residues.
Analysis of nonbonded forces in the simulations points to electrostatics as the driving force responsible
for LH2 curvature. In each system, we observe that the radial component of the total electrostatic force
acting on the top, cytoplasmic, half of an outer ring LH2 is always directed outwards, while the force acting
on the bottom, periplasmic, half is directed inwards; this is just the pattern of forces needed to produce the
observed LH2 tilting. When van der Waals forces are added in, the total force experienced by an LH2 is
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Figure 3.5: Average root mean-square deviation (RMSD) of the seven LH2s in the simulation system, plotted over
the trajectory. The RMSDs of the “mutant” LH2s are similar to those of the unmodified LH2s, showing that the
modification to the structure did not destabilize the proteins on the timescales reached in the simulations.
quite small, which is reasonable, given the subtle nature of the LH2 rearrangement seen in the simulations.
Although the variance of the time series is appreciable, the averages show again that the total forces acting
on the top and bottom halves of an LH2 would produce tilting in the expected direction. This analysis is
presented in Figures 3.7 and 3.8.
It seems likely that LH2-LH2 packing is also in some way responsible for curvature. In the cases of Ph.
molischianum and Rb. sphaeroides, the LH2s are already slightly wedge-shaped, with small protrusions on
the cytoplasmic side that prohibit the proteins from packing as closely on top as they do on the bottom. Rps.
acidophila LH2 is slightly wedge-shaped, but in the opposite orientation, so its curvature cannot be explained
by shape alone. However, all three proteins have many conserved charged residues on the cytoplasmic side,
and the interaction of these residues may also modify packing in this region. We observe interactions
between these residues in, for example, the formation of some inter-LH2 salt bridges (primarily βASP17-
βARG20 in Rps. acidophila and βASP18-αLYS4 and βASP18-βLYS21 in Ph. molischianum) and of stacking
interactions between neighboring βARG20s in Rps. acidophila. That the LH2 charge modifications affect
packing is suggested by the van der Waals interaction energy of the seven LH2s, which is minimized as
the LH2s seek their optimal packing. The van der Waals energy of the top half of the LH2s is consistently
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Figure 3.6: Comparison of hydrogen bonds formed between lipids and A) Rps. acidophila mutants and B) Ph.
molischianum mutants.
higher for the wild-type Rps. acidophila and Ph. molischianum cases and lower for the chargeless mutant and
neutral versions, suggesting better cytoplasmic packing for the modified LH2s (see Fig. 3.10). By contrast,
the van der Waals energies for the bottom halves of the modified LH2s are more similar to the respective
wild-types.
3.3.5 Simulation of an Rps. acidophila LH1 monomer surrounded by LH2s.
While multiple LH2s and a single RC-LH1-PufX dimer have been shown to induce membrane curvature in
simulation [17], chromatophores typically contain mixtures of both proteins. The oligomeric state of LH1
varies depending on species, with monomeric LH1 typically found in species with lamellar chromatophores,
e.g., Rps. acidophila, Ph. molischianum and Rps. palustris, while dimeric LH1 is found in species with
spherical chromatophores, e.g. Rb. sphaeroides and Rb. blasticus [5; 58; 156; 157]. In AFM images of different
species, distinct organizations of monomeric or dimeric LH1 and LH2s become apparent [5; 58; 158]. For
example, in Rb. sphaeroides stacks of LH1 dimers are seen, with large fields of LH2s in between the stacks [5].
Also, in Ph. molischianum, Rs. photometricum, and Rps. palustris, regions of well mixed LH1 monomers
and LH2s are observed, along with some regions of crystallized LH2s or LH1s alone, depending on their
relative concentration [58; 156–158]. In the mixed regions, each LH1 contacts 0 or 1 other LH1 and between
6 and 7 LH2s [58; 158].
To characterize an LH1 monomer’s potential for curvature formation, we simulated a system of a single
LH1 monomer surrounded by seven LH2s, both from Rps. acidophila, based on the organization observed
in AFM images [58; 158]. As there is currently no structure for LH1 from Rps. acidophila, a homology
model based on a previously constructed Rb. sphaeroides LH1 was built (see Methods) [17]. The LH2s were
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Figure 3.7: Average radial electrostatic force on the top (cytoplasmic) and bottom (periplasmic) sections of an outer
ring LH2. The forces plotted are the electrostatic interaction forces (in kcal/mol·A˚) between the other six LH2s
plus surrounding water, lipids, and ions, and the top or bottom section of the LH2, projected onto the radial vector
between the central LH2 and the outer ring LH2 on which the force is being calculated. A positive value then indicates
a radially outward force while a negative value indicates a radially inward force. In all of the LH2-LH2 simulations, we
observe that the force on the top of the LH2 (light-colored line) is outwards and the force on the bottom (dark-colored
line) is inwards, i.e. they would produce the tilting behavior seen in the simulations. The simulations which show
the greatest tilt angle also consistently display the largest forces. The inset cartoon illustrates this configuration of
forces. The LH1-LH2 simulation gives the force on both halves of the LH2 as directed inwards, with the bottom force
initially larger than the top force at the beginning of the simulation, but equal to the top force for the remainder of
the time; such forces are consistent with the very small tilt angle that develops in the LH1-LH2 simulation.
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Figure 3.8: Total force in kcal/mol·A˚ (van der Waals plus electrostatics) experienced by an outer ring LH2, projected
onto the radial vector connecting it to the central LH2. In each case, the van der Waals forces nearly cancel the
electrostatics forces, but a small average force remains. The forces on the top and bottom halves of the LH2 are again
such that would produce curvature, except in the Rps. acidophila “mutant” cases, where the curvature produced is
nearly zero.
placed around LH1 in a closely packed configuration, with no lipid between each LH2 and LH1. After initial
equilibration, the system was simulated for 14 ns. We observed no net curvature of the proteins or membrane
in the simulation; the final state of the system is shown in Fig. 3.11. We also measured the average tilt
angle of the LH2s with respect to LH1 over time (see Fig. 3.11). After a period where the angle fluctuates
around zero, the profile becomes nearly flat, with the angle stabilizing at ∼2.5◦. This angle corresponds to
a chromatophore radius of over 2000 A˚, larger even than that observed for the chargeless LH2 mutants. By
examining their sequences, we find that LH1β contains 13 more residues than LH2β; our model places most
of the additional residues above the membrane on the cytoplasmic side. Therefore, although LH1β contains
some charged residues on the cytoplasmic side, they are spatially separated from the LH2β charged residues.
This separation explains why the presence of these charged residues should not affect LH1-LH2 packing on
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Figure 3.9: Radial profile of the LH2 proteins from the three species simulated. Radii are averaged over the trajectory
and over each of the seven LH2s in the simulation. The cytoplasmic protrusions of Ph. molischianum and Rb.
sphaeroides are clearly seen, in contrast to the more cylindrical shape of Rps. acidophila.
the cytoplasmic side.
3.4 Discussion
In this report, we have summarized the results of several MD simulations that probed the formation of
curvature by LH2s and by LH1 monomers with LH2s. We found that aggregates of seven hexagonally-packed
LH2s were capable of inducing curvature in all species examined (Rb. sphaeroides, Ph. molischianum, and
Rps. acidophila). We also found that the extent of this curvature is strengthened by close-packing and is
likely caused by a combination of the physical shape of the proteins and the interactions involving conserved
charged residues on the cytoplasmic side of LH2. By contrast, an LH1 monomer surrounded by seven LH2s
was not found to induce curvature, likely due to the absence of the electrostatic interactions seen in the
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Figure 3.10: The van der Waals (VDW) energies for Rps. acidophila and Ph. molischianum. The top row shows
the VDW energies for the cytoplasmic half of LH2; here the wild-type LH2s have higher VDW energies than their
modified counterparts, indicating a less optimal packing on the top. The bottom row shows the VDW energies for
the periplasmic half; here differences between wild-type and modified proteins are small.
LH2-only system.
We have suggested that chromatophore shape may depend on the organization of the photosynthetic
proteins. This suggestion is based on observation of AFM images of chromatophore membranes, which have
shown LH1 dimers in species with vesicular chromatophores (the LH1-only species Rs. rubrum excepted)
and LH1 monomers in species with lamellar chromatophores [5; 58; 157]. It has been seen both in simulation
and experiment that LH1 dimers are bent along their dimerizing interface and induce curvature on their
own [17; 72; 145], forming tubular chromatophores in LH2− Rb. sphaeroides mutants [80; 98; 173]. Our
results indicate, however, that LH1 monomers do not induce curvature, at least not when interacting with
LH2s. We suggest that the inability of LH1 monomers to curve limits the curvature of LH2s in species
with flat chromatophores; in contrast, the ability of LH1 dimers to curve may reinforce the curvature of
LH2s in species with vesicular chromatophores. In support of this suggestion, Monte Carlo simulations of
chromatophore proteins have also shown a connection between the local curvature generated by LH1 with
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Figure 3.11: Simulation of an LH1 monomer surrounded by LH2s. The graph plots the average tilt angle of LH2 with
respect to LH1 over time. The inset shows the system as viewed from the top and side after 14 ns simulation time.
LH2s are colored in green, LH1 is colored in cyan, and the RC in dark blue. The LH2s and the membrane remain
flat.
LH2 and global curvature [52]. It must also be noted that other factors may determine chromatophore
shape, such as lipid distribution and ion concentration, which are not accessible to simulations of the scale
described here. Additionally, our 20 ns simulations are too brief to permit diffusion of lipids or proteins,
and so cannot address how longer-term rearrangement of these factors affects the evolution of curvature in
the forming chromatophore. Nevertheless, our results support the idea that the presence of closely-packed
LH2 and the oligomeric state of LH1 play a role in determining chromatophore shape.
There are still many unanswered questions regarding chromatophore shape and formation, and several
experimental observations that cannot be explained by the simple ideas suggested in this dissertation. The
chromatophores of species like Rps. acidophila, Ph. molischianum, and Rps. palustris are not merely flat,
but form complex stacked lamellar folds, not unlike the grana seen in chloroplasts. It has been suggested
that the stacking of these lamellae depend on some adhesion effect between LH1 monomers, analogous to the
adhesion effect of LHC in chloroplasts [129; 193], and it has been shown in both systems that this adhesion
is very sensitive to ion concentration. It is plausible that the presence of LH1 monomers is necessary for the
formation of lamellar chromatophores, and that adhesion of the lamellae would overwhelm any curvature
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caused by LH1 or LH2. The LH1-only species Rs. rubrum and Rps. viridis both have monomeric LH1s (and
no LH2s), but Rs. rubrum forms vesicular chromatophores while Rps. viridis forms lamellar folds [48; 69; 102];
it seems therefore that the presence of LH1 monomers does not guarantee lamellae, and that chromatophore
formation in these species must depend on other, more subtle factors than protein organization alone. The
wealth of experimental observations on Rb. sphaeroides mutants provides its own set of mysteries. That wild-
type bacteria and LH2-only mutants form small vesicles while LH1-dimer-only mutants form tubules [80; 98]
is sensible according to our model. However, that LH1-monomer-only mutants (in which the dimerizing
agent PufX is deleted) form large micrometer-sized vesicles or flat sheets [173], and that mutants lacking
PufX but retaining LH2s have been observed to form vesicles of unreported size [7] are observations that are
more difficult to explain. There remains much work to be done, both experimentally and computationally
to gain further insight into the structure and function of these complex supramolecular assemblies.
3.5 Summary
It was found that aggregates of LH2s can induce membrane curvature by tilting away from their neighbors.
We suggested that the tilting behavior arises, at least in part, from the interactions of conserved charged
residues on the cytoplasmic side of the LH2 complex with neighboring LH2s and surrounding lipids. These
interactions cause LH2s to pack more effectively on the periplasmic side than on the cytoplasmic side in a
way that would cause the LH2s to tilt away from one another. Analysis of the interaction forces between
neighboring LH2s also revealed a slight tendency to be repulsive on the cytoplasmic side and attractive on
the periplasmic side, which would also contribute to LH2 tilting. An assembly containing an LH1 monomer
surrounded by LH2s did not induce curvature, possibly in part due to the mismatch in the positioning of the
charged residues in LH1 vs. LH2. The simulations presented in this and the previous chapter investigated the
curvature-inducing properties of small aggregates of LH2s and LH1 monomers. Even though these systems
contained only a few light-harvesting complexes, the size of the simulations (1-2 M atoms) was considered to
be near the upper limit of what could be simulated at the time. Going forward, it will be possible to simulate
systems containing hundreds of millions of atoms, which will open the door to exploring the photosynthetic
machinery at the level of a full organelle. The next chapter presents the beginning of those efforts.
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Chapter 4
Modeling the photosynthetic
membrane
The next phase of our efforts to model photosynthetic membranes involves moving towards simulating whole
chromatophore organelles. For example, one of our goals is to build a model of a spherical chromatophore
from species such as Rb. sphaeroides. Another aim is to model the lamellar chromatophores of species such
as Ph. molischianum, Rps. acidophila, and Rsp. photometricum. This chapter outlines our efforts to build a
large membrane patch from a lamellar chromatophore.
4.1 Building the chromatophore patch
Species with lamellar chromatophores have been seen to contain LH1 monomers interspersed with LH2s [58;
156; 157; 161; 162]. We constructed a model which represents a large portion of a membrane patch from
Rsp. photometricum as seen by AFM by Scheuring et al. [163; 165]. This membrane patch contains 36
LH2s and 7 LH1 monomers, as shown in Figure 4.1. At the present time, there are no crystal structures of
the light-harvesting complexes from Rsp. photometricum. We therefore used the LH2 crystal structure and
modeled LH1 monomer from Rps. acidophila, described in previous chapters. Both species grow lamellar
chromatophores and express 16-fold LH1 monomers and 9-fold LH2s, so we felt it reasonable to expect that
aggregations of Rps. acidophila and Rsp. photometricum LH complexes will behave similarly.
We were provided data from Simon Scheuring (Institut Curie, Paris) regarding the locations and rota-
tional orientations of the proteins in the membrane patch, which we used as a starting point for building our
model. Because we were mapping rigid structures onto the AFM image, our placement of the LH complexes
could not reproduce other factors, such as the degree of distortion seen in the LH1 rings, or the tilt of some
of the LH1 and LH2 complexes in the membrane. Because of this, the initial placement sometimes resulted
in structural overlap between adjacent protein complexes. These clashes were resolved by manually moving
the complexes away from one another into a final position that appeared reasonable from the perspective of
the overall packing density seen in the AFM image.
Once this final mapping of the protein placements was decided upon, the next task was to submerge these
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Figure 4.1: A patch of membrane from a lamellar chromatophore, shown from the top, at a 45◦ angle, and from the
side. The LH2 complexes are colored in green, and the LH1-RC monomers in cyan and blue. The lipid patch is
shown in a transparent representation. The water box is not shown. The protein complexes are from Rps. acidophila,
and were mapped onto an image of a chromatophore membrane from Rsp. photometricum. There are 36 LH2s and
7 LH1-RC complexes; the total atom count (including water) is approximately 20 million atoms.
complexes in the membrane as realistically as possible. Since the packing of lipids against membrane proteins
can influence their structure [30; 92; 106; 107], we felt the best solution was to equilibrate the individual
proteins in smaller membrane patches and import the equilibrated lipids with the protein when placing it in
the larger membrane. So that the lipid placement would not be unrealistically homogeneous, we performed
four simulations of LH2s in randomized lipid patches, and similar simulations of two LH1 monomers. When
placing the LH complexes, we chose one of these structures at random, and placed the LH complex along
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with its attendant lipids in its assigned position. The membrane patch itself was constructed to represent a
realistic chromatophore membrane, in which the largest fraction of lipids are PC, PE, and PG [1; 104; 118],
with an asymmetric distribution of the charged PG lipids between the two leaflets [1; 192; 196]. Precisely,
the distribution was 16% PG, 23% PC and 61% PE, with 70% of the charged PG lipids on the cytoplasmic
side, giving 22% PG, 22% PC and 56% PE for the cytoplasmic side and 10% PG, 24% PC and 66% PE for
the periplasmic side. The membrane patch was isolated from its periodic boundary conditions by a layer of
water, and was rounded into an oval shape to avoid artificial deformations in the corners. In the simulations
in Chandler et al. [17; 18], the edges of the lipid patch were left exposed to water, and the lipids at the ends
were permitted to “spill over” to close the hydrophobic gap during the simulation. We decided that a better
strategy would be to create small, detergent-like lipids (with PE, PC, and PG headgroups in the same ratio
as the membrane proper) to place at the edges of the membrane patch. Although we do not believe the edge
effects significantly affected the earlier simulations, we think that the introduction of these detergent-lipids
should further reduce distortion.
After the LH complexes and attendant lipids were placed in the large membrane, it was necessary to
remove lipids where they overlapped with the protein complexes and imported lipids. While this is a
conceptually simple task, in practice it is difficult to systematically remove lipid clashes without creating
holes in the spaces between proteins or leaving regions with too many lipids. Lipid placement in membrane
protein molecular dynamics simulations is often problematic, and several ways of dealing with it have been
discussed in the literature [85; 86; 202]. In systems containing a single membrane protein, it is usually
sufficient to simply remove lipids within a certain distance from the protein, erring on the side of removing
too many lipids rather than too few. The resulting lipid gap around the protein will quickly close in the initial
stages of the simulation. Systems containing multiple closely-packed proteins, on the other hand, introduce
the problem of how to place the correct number of lipids in the spaces between the proteins. Since lipids
cannot diffuse in or out, there is no way for the system to self-correct over the course of the simulation. In
the case of the system presented here, this problem was ultimately resolved via the time-consuming process
of manually rearranging lipid molecules until all gaps were filled and an approximately correct area per lipid
was achieved. The implementation of a more systematic way of addressing this problem is a topic of ongoing
research.
Ions were imported with the individual LH1s and LH2s to avoid the problem of ion placement in such
a large system. The chromatophore patch was then placed in a large (949 A˚ × 880 A˚ × 257 A˚) water
box. Until this stage, the system was small enough to be expressed in the typical pdb/psf file formats. The
pdb file format is a fixed-width text file containing the coordinates of every atom in the system, along with
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identifying markers such as residue name and number, segment name, etc. Every atom must be uniquely
identified by its segment name and residue number; however, only four characters are allotted for each of
these identifiers, leading to a natural limitation on the number of atoms that a system can contain. A
new file format, the eponymously named “.js” format (after its creator, VMD developer John Stone) was
developed to accommodate large systems. The lamellar chromatophore patch was the first system to make
practical use of the new file format.
4.2 Preliminary Simulations
After minimization, a short NVT equilibration (≈ 200 ps) was performed with the protein complexes held
fixed, to allow the lipids to begin rearranging themselves into a more natural conformation. This was followed
by a short NPT equilibration, again with the protein complexes fixed. At this point, we released the protein
complexes and performed another short NPT equilibration (again ≈ 200 ps). Simulation was then halted
to further refine the structure. A few more lipids were manually moved in order to fill in small holes in the
membrane which were not resolved during the equilibration, and water molecules were removed which had
seeped into the transmembrane region. The initial structure contained too many detergent-like lipids at the
edge of the membrane, as evidenced by some of the detergents detatching from the larger membrane; these
excess detergent-lipids were removed. At this stage we also converted all lipids from all-atom representation
to united-atom representation [66]. The chromatophore patch is currently running on the ORNL Jaguar
resource. For meaningful analysis to be performed, at least 100 ns of simulation time will be required; a
total of 3 ns have been accrued at the time of the writing of this dissertation.
4.3 Possibilities for Future Work
We plan on investigating several aspects of the chromatophore patch as it equilibrates. Given our previous
work on the curvature-inducing properties of LH1 and LH2, we look forward to watching the evolution of
the shape of the membrane patch. Our prior result, that mixtures of LH1 monomers and LH2 fail to induce
curvature, leads us to expect that the overall curvature effect should be small. If significant curvature is
observed, we will have to revisit our construction of the patch. If no artifacts can be found to explain an
erroneous curvature effect, such a result would suggest that chromatophore shape is determined primarily
by factors other than the aggregation of the LH complexes.
One fascinating line of inquiry is to understand what organization and packing density of the proteins
represents the best compromise between efficient exciton transfer (which requires that the LH complexes
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be relatively close together), and efficient quinone diffusion (which requires some space between the LH
complexes), and how that arrangement changes under different environmental conditions. Most AFM images
of chromatophore membranes show two different phases: one in which the LH1-RC complexes are mixed with
LH2s, and one in which the LH2s form tightly-packed lattices [5; 58; 162]. It is possible that the existence
of these para-crystalline LH2 domains aids quinone diffusion by excluding quinone diffusion in those areas,
thereby keeping the quinones in the mixed LH1/LH2 area where they are useful [24; 160]. It has indeed been
found that in Rsp. photometricum, the mixed regions have much more diffusive freedom than the LH2-only
domains [110]. In Rb. sphaeroides, it was found that a quinone-rich region forms in the mixed LH1 dimer
- LH2 regions. Rsp. photometricum has been seen to produce a much higher LH2 to LH1 ratio in low light
conditions, but despite this, the local environment of the LH1 complexes was found to remain constant (with
most of the LH1 complexes in close contact to another LH1 or separated by one LH2) [38; 162]. This appears
to have critical consequences for the efficiency of both exciton transfer and quinone diffusion [38]. As this
relates to the modeled Rsp. photometricum chromatophore patch, analysis of exciton transfer in the model
is already possible; however, since quinone diffusion occurs on a microsecond timescale, our simulations will
be too short to observe actual quinone diffusion. Nevertheless, we believe that analyzing the interactions
between the quinones and their environment and observing their (small) local diffusion/mobility, we may at
least determine which places in the model are favorable or unfavorable for quinone diffusion.
As the next generation of supercomputing resources comes into production, it will be possible to construct
and simulate other multi-million atom chromatophore membrane models. The next obvious step would be
to simulate a spherical chromatophore from Rb. sphaeroides. Models containing only the protein complexes
(LH2s and LH1 dimers) have been constructed for use in the study of exciton transfer [170; 171]. After
the addition of the membrane and water box, we expect such a system to contain around 100 M atoms.
Preliminary simulations of the Rb. sphaeroides chromatophore could reveal small morphological changes and
local quinone diffusion, as in the 20 M atom Rsp. photometricum patch. Another potential avenue could be
to extend the flat chromatophore patch into a larger system containing complete lamellar folds, similar to
the structures revealed by cryo-electron tomography in Rsp. viridis [101; 102].
The possibility of simulating many systems of this size opens the door for a variety of simulations which
could be used to test some of the open questions regarding chromatophore organization. One could create
many systems with different arrangements of the light-harvesting complexes, both those seen in images of
natural chromatophores, as well as artificial arrangements designed to test some aspect of the photosynthetic
membrane.
For example, one could test to what extent the LH1 dimer stacks seen in AFM images of fractured Rb.
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sphaeroides chromatophore membranes influence chromatophore shape. Prior molecular dynamics studies
suggest that the formation of stacks should enhance their curvature effect [5; 58; 156; 160; 162]; how does the
shape of the chromatophore evolve if the LH1 dimers are instead randomly distributed? Another problem
is the role of the large LH2-only regions in modulating the shape of the chromatophores. What keeps
these domains flat in species with lamellar chromatophores? Real Rb. sphaeroides membranes do not only
contain perfectly-formed LH1 dimers, but also some LH1 monomers and incompletely formed LH1s. How
do these structures affect chromatophore shape? Some species of bacteria have multiple LH2-encoding genes
and/or LH3-encoding genes, and in these species, the LH2s may consist of heterogeneous mixtures of the
subunits encoded by these genes [121]. The formation of these heterogenous LH2s has been posited also to
affect exciton transfer efficiency [121]. Do these heterogenous LH2s also have a different effect on membrane
curvature than do homogeneous LH2s?
Another question, related to the problem of quinone diffusion, is the location of the bc1 complex in
the chromatophore membrane. The bc1 complexes have been strangely absent in all AFM images of chro-
matophore membranes, even of untreated Ph. molischianum lamellae. The same questions can be asked of
the ATP synthase, also unseen in AFM images. Various models have placed them at the “pole” of the Rb.
sphaeroides chromatophore [56], or at the interface where it joins to the cytoplasmic membrane [170]. Where
are they then located in lamellar chromatophores? We have the opportunity to introduce these elements
into our models of spherical and lamellar chromatophores. Perhaps the interactions of bc1 and ATP synthase
with the LH complexes or to the curvature of the membrane can yield clues regarding their placement.
Yet another possibility is to test the effect of different lipid distributions on chromatophore shape. Asym-
metric distributions of lipids between the two leaflets can cause membrane curvature on its own [29]. Some
lipids, such as POPC, preferentially form flat bilayers, while others, such as POPE, naturally conform to a
curved shape. By experimenting with the relative proportions of bilayer-forming lipids to non-bilayer forming
lipids, and of their distribution in the upper or lower leaflet, we can begin to gauge to what extent the lipid
composition influences chromatophore morphology. It is also well-known that the nearby lipid environment
of a membrane protein can alter its structure [30; 92; 106; 107]. By introducing different lipid compositions
to a large patch of LH complexes, we will have many opportunities to observe protein-lipid interactions and
to look for lipid binding or any other manner in which the LH complexes are affected by nearby lipids.
In addition to all of the above questions, as our understanding of the chromatophore membrane evolves,
many other possible lines of inquiry will inevitably be revealed.
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4.4 Summary
This chapter has described the first stages of a simulation of a large (20 M atom) patch of chromatophore
membrane built on AFM data from Rsp. photometricum. We intend to use this model to study various
aspects of the photosynthetic membrane, including changes in its morphology, local quinone diffusion, and
protein-protein and protein-lipid interactions. This simulation will pave the way for larger simulations in
the near future. Eventually, the goal is to be able to simulate full chromatophore pseudo-organelles and to
follow the whole photosynthetic process, from the initial Bchl excitation to the release of ATP. If this seems
impractical, consider that 18 years ago, one of the earliest simulations performed in the TCBG, which was of
a lipid membrane, 27,000 atoms in size [65], was considered to be almost impossibly large. The simulations
described here have driven advancements in and served as test cases for NAMD and VMD that will be
needed as the next generation of supercomputers comes online and multi-million atom simulations become
commonplace.
46
Chapter 5
HCV viroporin p7
5.1 Introduction
Hepatitis C virus (HCV) infection is a major global health problem affecting approximately 2% of the
world’s population [105; 172]. HCV is a leading cause of chronic hepatitis, liver cirrhosis and hepatocellular
carcinoma, and current therapies based on pegylated interferon and ribavirin are poorly tolerated by patients
and ineffective in up to 50% of cases [57]. Among the difficulties in treating HCV is its high degree of genetic
diversity — i.e. there are six distinct genotypes of HCV, each with many subtypes [174], which respond
differently to treatment [117; 208]. This genetic diversity is due in part to the error-prone RNA polymerase
of HCV, along with its rapid replication rate; the same features can lead to further viral diversification within
individual patients, increasing resistance to treatment [16; 47; 153]. HCV drug design must, therefore, target
characteristics that are well-conserved among all HCV genotypes, as well as prove robust against mutations
that could confer viral resistance. The assembly process and ion-channel function of the p7 viroporin, now
known to be essential for viral reproduction, constitute potential drug targets, highlighting the biomedical
relevance of developing functional models of the p7 channel.
HCV, first identified in 1989 [21; 70], is a member of the family Flaviviridae, which is a class of small
enveloped RNA viruses. The HCV genome consists of a 9.6-kb positive-stranded RNA molecule encoding
a single polyprotein precursor, which is later processed by both host and viral proteases into ten separate
proteins. These are: the Core protein, which composes the capsid; E1 and E2, glycoproteins which inhabit
the outer lipid envelope; the p7 viroporin; NS2, required for virus assembly; and the replication machinery
consisting of NS3, NS4A, NS4B, NS5A, and NS5B (reviewed in [128]). p7 is a small integral membrane
protein of 63 amino acids, which oligomerizes [22; 62; 112; 127], forming cation-selective pores [62; 127;
137; 143; 180; 181]. It has been demonstrated that, while dispensable for RNA replication, p7 is essential
for efficient HCV infectivity in vivo [152] and the production of infectious virus particles [89; 178]. Most
recently, it has been shown that p7 ion channel activity, resulting in a global loss of organelle acidity in the
host cell, is required for the effective assembly and release of nascent virions [203]. There is a growing body
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of evidence suggesting that p7 is critical for other functions in virus assembly and egress unrelated to its
channel activity (reviewed in [179]), and that it likely acts in concert with additional viral factors such as
Core, E1, E2 and NS2 [84; 89; 113; 142; 177; 187].
The ability of p7 to control the permeability of the membrane to ions and to facilitate virus production
qualifies it as a viroporin, alongside with e.g., M2 from influenza A virus [167; 198], picornavirus 2B [97; 198]
and Vpu from HIV-1 [45; 59]. The essential features of a viroporin are that it forms small membrane-spanning
structural units, usually consisting of one or two amphipathic helical domains, and that these subunits, once
inserted into the membrane, can oligomerize into a channel [46; 59; 198]. The resulting structures range in
complexity from passive, non-selective pores, which allow ions to flow through in an uncontrolled fashion, to
selective ion channels with a specific gating mechanism — e.g. M2. Weakly selective ion channels like Vpu
fall somewhere in the middle, exhibiting “channel-pore dualism” [44; 45; 124].
The p7 protein of HCV forms two antiparallel transmembrane segments connected by a conserved cy-
tosolic positively charged loop region, with both the N– and C–termini facing the lumen of the endoplasmic
reticulum (ER) [15]. Combined NMR experiments and molecular dynamics (MD) simulations that we pub-
lished recently [127; 150] led to the identification of the secondary structure elements of p7, and to the
construction of a three-dimensional model of the monomer in phospholipid bilayer. The first transmem-
brane segment can be divided into an N–terminal helix (2-16) and the TM1 helix (19-33) separated by a
turn involving the fully-conserved G18 residue. TM1 is connected to the second transmembrane segment
TM2 by a long cytosolic loop containing two fully conserved basic residues at positions 33 and 35. The
TM2 transmembrane helix is slightly bent due to the presence of residue P49, and the seven-residue C–
terminal segment is not structured. The overall structural motif is consistent with that deduced from NMR
experiments reported by Cook et al. [26–28].
p7 oligomers have been observed in both heptameric [22] and hexameric [62; 112] forms, and several
hypothetical models of the p7 complex based on secondary-structure predictions have been reported [22;
112; 136; 180]. Clarke et al. [22] observed heptameric p7 complexes in low-resolution TEM images, and
suggested an arrangement in which the monomers are packed in such a way that TM1 from one monomer
could form favorable hydrophobic contacts with the TM2 of the next monomer. A similar heptameric model
was later constructed by StGelais et al. [180] in an all-atom representation. Patargias et al. [136] modeled a
hexameric complex employing structure prediction and rigid-body docking in which adjacent monomers had
minimal contact. Most recently, Luik et al. [112] observed p7 hexameric complexes in short-tail DHPC lipids
by electron microscopy (EM), constructing a low-resolution three-dimensional density map at 16 A˚ resolution,
which revealed a highly tilted flower-like arrangement.
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While the basic structural features of p7 are becoming gradually better understood, the conditions that
lead to the assembly of a functional channel and the mechanism of ion channelling in terms of gating
and selectivity remain in large measure unknown. In the work presented here, we used the monomeric p7
structure from Montserret et al. [127] to construct oligomeric models with four to seven subunits, which
were evaluated via MD simulations in a hydrated POPC bilayer, the thickness of which resembles that of the
ER membrane. In addition, we fitted our most favorable hexameric model into the flower-like EM density
provided by Luik et al. and immersed the resulting structure in POPC (C16:C18) and DHPC (C7) bilayers
in an effort to understand the connection between the highly-bent structure found in DHPC lipids and our
more upright channel models, which would seem better suited to the ER membrane. In the absence of
high-resolution structural data for p7, these simulations allowed us to determine likely characteristics of a
functional p7 channel, including the optimal number of monomers, the possible role of certain pore-lining
residues in channel gating, and the adaptability of the structure to different lipid environments. Our results
reveal that p7 appears to form structurally plastic, minimalist ion channels, compatible with the coexistence
of multiple oligomeric states.
5.2 Methods
5.2.1 Construction of the molecular assemblies
In each of the p7-membrane systems, an all-atom representation was used for protein, water and ions,
whereas the united atom lipid model described in [66] was used for the lipids. The hexameric p7 model
was fitted into the electron microscopy (EM) map from Luik et al. [112] employing the molecular-dynamics
flexible-fitting (MDFF) algorithm [189]. The MDFF method utilizes the EM map to create an external
potential, which drives the atoms towards regions of higher density. During the fitting process, geometrical
restraints are enforced to preserve the secondary structure of the protein. In fitting p7 into the EM map,
additional forces were applied to maintain the six-fold symmetry of the model.
5.2.2 Molecular dynamics simulations
All simulations were performed using the MD program NAMD [140] and the CHARMM27 force field with
CMAP corrections [114; 115]. The equations of motion were integrated with a multiple time-stepping algo-
rithm [63; 166] in which bonded interactions were evaluated every 2 fs, short-range non-bonded interactions
every 2 fs, and long-range electrostatics interactions every 4 fs. Short-range non-bonded interactions were
truncated smoothly with a spherical cutoff radius of 12 A˚, and a switching distance of 10 A˚. Periodic bound-
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Table 5.1: List of the constructed p7 oligomers and MD simulations performed
System Time (ns) Atoms Lipid Dimensions (A˚3)
Heptamer A 16 51,797 POPC 111×113×90
Heptamer B 100 49,303 POPC 111×113×90
Hexamer A 8 48,110 POPC 111×113×90
Hexamer B 170 48,626 POPC 111×113×90
Pentamer 56 48,275 POPC 111×113×90
Tetramer 8 48,075 POPC 111×113×90
EM-fitted Hexamer B 109 83,052 POPC 117×127×90
EM-fitted Hexamer B 118 102,092 DHPC 128×137×75
HCV-J K33Q-R35Q Hexamer B 78 48,392 POPC 83×86×83
HCV-J K33A-R35A Hexamer B 67 48,290 POPC 83×88×77
J4 Hexamer B 102 48,416 POPC 81×85×82
JFH-1 Hexamer B 90 48,550 POPC 84×86×83
ary conditions were assumed. Long-range electrostatic interactions were computed employing the particle
mesh Ewald (PME) method [31], with a grid point density of approximately 1/A˚3. The temperature and
the pressure were maintained at 300 K and 1 bar, respectively, using Langevin dynamics with a friction
coefficient of 1 ps−1 and the Langevin piston method [39].
Table 5.1 lists all simulations performed. In the tetramer, pentamer, hexamer and heptamer simulations,
the p7 model was placed in a fully hydrated, thermalized POPC membrane, and restrained for the first
few nanoseconds to allow the lipids to pack appropriately around the protein. The restraints were then
released and the protein was allowed to equilibrate in the isobaric-isothermal ensemble for the times listed in
Table 5.1. The upright Hexamer B model was fitted into the EM map, and the resulting structure was then
placed in POPC and DHPC membranes. Again, motion of the protein was initially restricted to allow lipid
packing; after this stage, additional restraints were applied to preserve the secondary structure and symmetry
of the complex. These restraints facilitated a gentle release from the EM-fitted structure. Ultimately, these
restraints were also removed and the protein was again allowed to equilibrate in the isobaric-isothermal
ensemble.
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Figure 5.1: Oligomeric p7 models constructed from the NMR p7 monomer [127], using symmetry operations: Box A:
(a) Heptamer A, (b) Hexamer A; Box B: (a) Heptamer B, (b) Hexamer B, (c) pentamer, (d) tetramer. The models in
box A were constructed so that the monomers extend radially away from the center, similar to the model presented
earlier [136]. In contrast, the models in box B were built such that the monomers could optimize the contacts of
their mutual surfaces, consistent with the models described in two prior studies [22; 180].
5.3 Results
Models
The p7 oligomeric models (genotype 1b, strain HCV-J) were constructed by applying the appropriate sym-
metry operations to the model of the p7 monomer determined by NMR and MD, as described [127]. The
homogeneity of the NMR signals measured for p7 reconstituted with phospholipids [26] mirrors that of
the structure of the individual p7 subunits, and further supports the notion of symmetrically-arranged p7
oligomers. Insofar as the hexamer and the heptamer are concerned, two types of oligomeric states were con-
structed — one in which the monomers extend radially away from the center (referred to as Hexamer and
Heptamer A, Fig. 5.1A), consistent with the model put forth by Patargias et al. [136], and one in which the
monomers are rotated, such that adjacent subunits optimize the contacts of their mutual surfaces (referred
to as Hexamer and Heptamer B, Fig. 5.1B), in line with the models described in references [22; 180]. The
tetrameric and pentameric constructs followed the pattern of Hexamer and Heptamer B models gathered in
Fig. 5.1. Hexamer B oligomers for for genotype 1b (strain HCV-J and J4) and genotype 2a (strain JFH-1)
were also constructed.
Structural properties of the oligomeric models
During equilibration, the Hexamer A and Heptamer A models rapidly lost their original symmetry and
became considerably distorted with respect to the initial three-dimensional arrangement. These models were,
therefore, rejected from the onset, since they are unlikely to represent realistic structures of p7 channels.
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In sharp contrast, the Hexamer B and Heptamer B models remained robust throughout the simulation,
as demonstrated by their better overall retention of structure and symmetry, as well as the smaller and
quickly plateauing distance root-mean square deviation (RMSD) with respect to the starting arrangement
(see Fig. 5.3). Noteworthily, the conformation of the different p7 subunits is similar to that of the isolated
monomer when immersed in a hydrated POPC bilayer, [127; 150] but at variance with that inferred from
EM densities in a thinner DHPC environment [112]. The tetrameric and pentameric motif also appear to
be robust throughout the simulations. Although p7 has never been reported hitherto as a tetramer or a
pentamer, such structures may be viable, and the possibility of their presence in the cell membrane cannot
be ruled out, perhaps as intermediate stages in p7 self-assembly prior to the formation of the final hexameric
or heptameric complexes. The coexistence of multiple oligomeric forms, including those with even and
odd numbers of subunits, would not be unique to p7. For example, the Vpu viroporin of HIV-1 exhibits
such polymorphic behavior [111; 126]. Because the p7 monomers are not covalently bound, but instead
interact primarily via van der Waals and hydrogen-bonding contacts, there could easily be more than one
oligomeric arrangement for which inter-subunit contact is sufficient to support a stable structure. A well-
studied example of a structurally-resolved protein which permits both even and odd oligomerization states is
the LH2 complex from photosynthetic bacteria [100; 134]. Though not an ion channel, LH2 resembles p7 in
that it is composed of multiple non-covalently-bound subunits which likely self-assemble in the membrane.
The inter-subunit interaction energies were measured for each oligomer model. As can be observed in
Fig. 5.3C, the average interaction energy per subunit was the lowest for the Hexamer B and Heptamer B
models, thereby suggesting that these hexameric and heptameric configurations allow more favorable inter-
subunit contacts to form than in the tetramer and the pentamer models. This result is also reflected in
the greater inter-subunit contacts determined from the solvent-accessible surface area (SASA) per subunit,
which is shown to be the smallest for the Hexamer B and Heptamer B models (Fig. 5.3B). The differences
in interaction energies among the models was dominated by van-der-Waals, dispersive contact, with the
Coulomb interaction per subunit being comparable for each model. The Hexamer B model featured more
hydrogen-bonding between subunits than any of the other models, even though presumably the monomers
are more closely packed in the Heptamer B model (see Table 5.2). Conversely, the pentameric and tetrameric,
as well as the Hexamer and Heptamer A models involved very little hydrogen bonding. It is worth noting
that, while in the isolated, monomeric protein, TM1 and TM2 are, at least in part, held together by virtue
of a double pi–pi interaction resulting from the stacked F26, Y45 and W30 residues, only the interaction of
F26 and Y45 appears to prevail in the p7 oligomers, in particular inasmuch as Hexamer B is concerned, W30
being engaged transiently in intermolecular interactions of the subunits (see Fig. 5.2).
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Figure 5.2: Angular distribution for the pi-pi stacking interaction of residues F26 and Y45 for each of the oligomeric
p7 models. χ1 and χ2 are the angles formed by the normal n1 to the plane of the first aromatic ring and the vector
u12 connecting the centroid of the two interacting aromatic rings, and by the normal n2 to the plane of the second
aromatic ring and vector u12. Combinations of χ1 and χ2 of approximately 0 or 180
◦ correspond to pi-pi stacked
motifs of the aromatic side chains. The clustering of data points around the four corners of the graph show that the
F26/Y45 stacking interaction is roughly preserved in the oligomeric models.
Table 5.2: Average number of inter-subunit hydrogen bonds, per subunit, in p7 oligomer simulations
System Avg. # hbonds
Heptamer A 0.29
Heptamer B 0.49
Hexamer A 0.16
Hexamer B 0.80
Pentamer 0.25
Tetramer 0.07
EM-fitted hexamer in DHPC 0.20
EM-fitted hexamer in POPC 0.29
The central pore of the p7 channels
With the exception of Hexamer B, all channel models formed a solvent-accessible pore, as illustrated by
Heptamer B in Fig. 5.4B. In the Hexameric B arrangement (Fig. 5.4A), the pore was initially sealed, but
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Figure 5.3: Time-evolution of the structural parameters of the oligomers. Distance root-mean square deviation
(RMSD) with respect to the starting conformation of the p7 channel, computed over backbone atoms (A), solvent-
accessible surface area per subunit (B), and total interaction energy per subunit measured for all oligomeric models
(C).
later opened, allowing water molecules to flow through for the remainder of the simulation. When sealed, the
pore of Hexamer B was blocked in two places by rings of adjacent hydrophobic residue side chains forming an
energetic barrier to water permeation. One seal was found at the level of residue F25, already hypothesized
to play such a role [127], with a second seal at the level of I32, which was not yet identified to be a putative
pore lining residue. The F25 barrier is revealed in the pore-radius profile of Hexamer B (Fig. 5.4A), which
depicts the width of the pore along the longitudinal axis of the complex. In the first half of the simulation,
the protrusion of the F25 ring constricts the pore to a radius smaller than that of a water molecule (solid line
and red line, respectively, Fig. 5.4A). The barrier formed by the F25 side chains recedes when the pore opens,
allowing water permeation (dotted line, Fig. 5.4A). By contrast, the pore-radius profiles characterizing the
other models reveal no constrictions narrow enough to preclude water diffusion (Fig. 5.4B and Fig. 5.6).
The I32 side chains are insufficiently large to physically block the channel; possibly they prevent the passage
of water by withholding hydrogen-bonding partners. Similar behavior was seen in MD simulations of M2
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by a ring of valine residues [205]. The opening of the channel was precipitated by the interaction of water
molecules with the F25 side chains. Random fluctuations of the F25 side chains eventually allowed a water
molecule to slip through, after which the pore opened quickly. No further gating events were observed over
the course of the 170 ns simulation; this is however not surprising since patch-clamp experiments suggest
gating occurs on a millisecond timescale [127]. Gating events were not observed in the simulations of the J4
and JFH1 strains, nor in the K33Q-R35Q mutant from HCV-J strain variant simulation. Conversely, in the
simulation of a HCV-J p7 mutant K33A-R35A known to suppress HCV particle production [178], perhaps
due to ineffective ion channeling [61; 180], we observed several gating events. A rapidly fluctuating channel
would likely be inefficient for ion transport compared to a channel that could remain open on millisecond
timescales. This increased gating activity may not be altogether inconsistent with experimental findings. In
any case, the K33A-R35A simulation is informative in that it illustrates the sequence of events that leads
to the opening of the channel, and since it is identical to the wild-type in the transmembrane region, gating
events in the mutant may in principle resemble those in the wild-type oligomer. Indeed, what we observed
in the K33A-R35A mutant was consistent with what we saw in the original Hexamer B simulation: the F25
seal is always broken first, followed by water diffusion into the region between F25 and I32, then opening of
the seal at the level of I32.
Reconciling the models with EM densities
In contrast to the flower-like EM model of the p7 hexamer reported by Luik et al. [112], the Hexamer B
model that we propose to represent a functional p7 channel appears to be a cylindrical, upright complex in
the membrane. This discrepancy could be due to the size difference of the phospholipid hydrophobic chain,
which is very short in the DHPC environment used in EM studies (C7), compared to that of POPC used in
MD simulations (C16:C18). To test this hypothesis, we drove the p7 Hexamer B model into the EM envelope
of the p7 hexamer using the molecular dynamics flexible fitting (MDFF) algorithm. In recent years, MDFF
has been used successfully for structure determination with higher-resolution maps [168; 188; 190; 194].
Yet, structures obtained using lower-resolution data, such as the 16-A˚ p7 map, ought to be viewed as
suggestive rather than as representing an accurate native structure. In fact, there is some variation in the
final structure based on the original orientation of the structure and the force constants utilized to fit the
Hexamer B into the EM map (see Fig. 5.7). Once driven into the EM envelope (Fig. 5.8A) and equilibrated
via MD in the thin DHPC environment (Fig. 5.8B), the simulated structure largely retains its original bent
conformation, in agreement with the experimental observations of Luik et al. [112]. Conversely, if placed in
a POPC environment, which would more closely resemble the ER membrane, the helices begin to straighten
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Figure 5.4: Molecular assemblies and pore-radius profiles of p7 Hexamer B (A) and Heptamer B (B) pores in POPC
bilayer. Left panels: side views of the Hexamer B and Heptamer B (ribbon representation) with water molecules
inside the central pore represented as van der Waals spheres (red and grey). The side chains of F25 (in green) and
I32 (in yellow) are represented as sticks. The model POPC bilayer is described by means of a sticks representation
(light grey), with the phosphorus and nitrogen atoms displayed as glossy orange and green van der Waals spheres,
respectively. Right panels: radial profiles depicting the width of the pore as a function of the longitudinal axis of the
complex were calculated using the program Hole [175]. The red line is positioned at 1.4 A˚, the approximate radius
of a water molecule. The green and yellow lines mark the approximate positions of F25 and I32, respectively. In
the Hexamer B plot (A), the solid line represents the radial profile before the opening of the pore and highlights a
constriction at the level of F25. The dotted line denotes the radial profile after the pore has opened (the protrusion
near z = 25 A˚ is the result of association between the N-terminal tails of the six subunits in the solvent below the
membrane, and does not represent a blockage of the pore).
up as the structure progressively evolves towards a more upright conformation, akin to that of Hexamer B
described above. The tilt of the inner and outer helices of the structure is displayed in Fig. 5.8C. Put
together, these results illuminate the structural plasticity of the p7 monomer in an oligomeric context, and,
hence, its adaptability to the membrane bilayer thickness.
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Figure 5.5: Snapshots from the Hexamer B trajectory showing the opening of the central pore. I32 and F25 are
highlighted in VDW representation in green and yellow, respectively, and the rest of the oligomer is drawn in
transparent gray. Water molecules are shown in VDW representation in red and white. Note the opening of the pore
between 60 and 70 ns.
Figure 5.6: Radial profiles of each of the p7 models, calculated using HOLE. The green and yellow lines mark the
positions of F25 and I32, respectively.
5.4 Discussion
In this chapter, we have described the construction of several model p7 oligomers with four to seven sub-
units. We find that all oligomerization states investigated form structurally stable ion channels, provided
that neighboring subunits come into close contact. Oligomers with six or seven subunits display a slight
energetic advantage over oligomers with four or five subunits, consistent with the prevalence of hexameric
and heptameric complexes observed in analytical centrifugation experiments [127] and reported by oth-
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Figure 5.7: A variety of models obtained by driving the upright Hexamer B model into the 16 A˚ EM map, as
determined by differences in starting conditions (in this case the rotation angle θ about the central axis) and force
constants (f and g) used in the MDFF algorithm. It was clear that the model fit best into the map at θ = 30◦
but the authors were curious how the method would handle initial configurations that were rotated away from the
correct orientation. The force constant f determines the strength of the symmetry constraints, while g determines
the strength of the force driving the model into the EM map. The structures obtained from higher force constants
tended to be more tilted than those obtained with lower force constants, even when MDFF was applied to the latter
for considerably longer times. However, the larger force constants also tended to result in more helical distortion.
We chose a model which we felt represented a compromise between the conflicting goals of achieving a highly-bent
corolla-like shape and not introducing excessive distortion.
ers [22; 62; 112]. Preliminary simulations of oligomeric models constructed for alternate genotypes of p7
were also stable, thereby further reinforcing the view of robust channels. In our simulations, we observed
that the heptameric pore was constantly accessible to the solvent, whereas the hexameric pore was blocked
until halfway through the trajectory. This behavior is suggestive of a picture of the cell membrane in which
transiently open p7 hexamers are accompanied by always-open p7 heptamers. Each of the models was con-
structed from the p7 monomer described earlier [127], resulting in cylindrical oligomers, in contrast to the
corolla-shaped complex observed by Luik et al. [112]. After fitting the cylindrical hexamer into the flower-like
EM envelope, we allowed the resulting structure to equilibrate in POPC and DHPC membranes. p7 thus
appeared to be sufficiently flexible to adapt to varying lipid environments, naturally resulting in a highly
tilted structure in short-tail lipids, and a more upright conformation in long-tail lipids, the latter compatible
with the thickness of the ER membrane. We note that this structural flexibility is shared by other viroporins
such as Vpu of HIV, which has been reported to adapt to the lipid environment via kinking rather than
forcing the lipid environment to adjust [103]. Very recently, it has been demonstrated that changes in lipid
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Figure 5.8: Conformation of the p7 hexamer in short– and long–tail lipid environments. (A) Hexamer B model (ribbon
representation) fitted into the EM envelope of Luik et al [112]. (B) Side views of the EM-fitted hexamer model in the
DHPC and the POPC lipid bilayers (for details and color code, see legend of Fig. 5.4). (C) Tilt angles of TM1 and
TM2 calculated for all models (for color code of oligomers, see legend of Fig. 5.3). Relaxation of the model placed in
POPC towards an upright conformation akin to that of Hexamer B is recognized through a greater decrease in the
TM1 and TM2 tilt angles.
composition modify the ion-channel activity of p7, suggesting that p7 can indeed rearrange in response to
changes in the lipid environment [201]. Altogether, our findings allowed us to conclude that p7 forms flexible
and minimalist, yet robust, functional ion channels.
Efforts to resolve the complete structure of native viroporins with an accuracy adequate to determine
their ion-channel mechanisms face particular challenges. Aside from the intrinsic difficulties in preparing
large amounts of purified membrane protein, the structural flexibility and polymorphism of viroporins deeply
complicate experimental investigations, as exemplified in the case of Vpu for which the numerous studies
published over the last 15 years have not yielded a consensus on the mechanisms underlying its function.
These challenges explain in large measure why efforts to disentangle the mechanisms that underly the
formation and the function of viral ion channels have remained hitherto rather scarce. Computational
studies of viroporins are burdened with skepticism that useful information can be inferred from simulations
relying on a modeled structure. However, in the context of the HCV p7 viroporin as an attractive therapeutic
target, MD simulations based on three-dimensional constructs offer a way to yield novel insights in a field
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where high-resolution data is lacking. Even over ample time scales, successful MD simulations are not enough
to prove the accuracy of a model; however, they remain a useful tool to probe a model’s viability, detect
flaws in its construction and confront hypotheses put forth by experiments. In the instance of p7 oligomeric
channels, the wealth of structural information accrued in recent years, particularly on the monomeric state
of the protein, constitutes a solid base for the design and refinement of the p7 complexes described herein.
The observation that each of the oligomeric constructs was structurally stable in simulation suggests that
complexes with four to seven subunits could coexist in the cell membrane. Reported data [22; 62; 112; 127],
however, reveal that p7 is largely observed as hexa- and heptameric complexes. It is possible that tetra-
and pentameric complexes could form, but are in some way unfavorable or less functional as ion channels
compared to hexa– or heptameric complexes. In addition, hexa- and heptameric complexes may be more
favorable energetically (as suggested by our interaction energy data), such that tetra- or pentameric com-
plexes would organize only transiently, as intermediates in the formation of hexa- or heptameric complexes.
This is in agreement with the notion that, due to their small size, viroporins most likely self-assemble to
form a pore in the membrane [45]. In the case of p7, this notion is supported by the spontaneous assem-
bly of p7 oligomers exhibiting active and appreciably selective cation channeling when reconstituted with
lipids [62; 127; 137; 143; 180; 181].
Although concerted organization in an all-or-nothing step cannot be ruled out, our results suggest that p7
monomers assemble sequentially. An important consequence of such a mechanism relates to the regulation
of p7 release in the HCV life cycle. It is unlikely that p7 monomers are released during the processing of the
HCV polyprotein at the ER membrane since the spontaneous formation of active p7 ion channels could stress
the ER membrane, ultimately leading to cell apoptosis [116]. Given that no feedback mechanism regulating
p7 activity has yet been identified, it is reasonable to suggest that the release of free p7 must be regulated
upstream. p7 has been reported to interact with various HCV proteins including core, E1, E2, and NS2
[84; 89; 113; 142; 177]. It is possible that p7 is retained in an inactive state via its interactions with other viral
factors, and is later released when it is needed for HCV particle assembly and/or egress. A similar hypothesis
has been put forth in the case of the HIV viroporin, Vpu, which can engage in protein-protein interactions,
but can also self-assemble to form channels or pores [45]. Because of its central organizing role in HCV
assembly, it is tempting to speculate that NS2 is involved in the orchestration of p7 release and assembly.
Following this assumption, one can assume the existence of a specific molecular mechanism allowing the
putative p7-NS2 complex to dissociate at the critical stage of viral-particle formation and egress. Further,
one cannot exclude that variation in the thickness between the ER and the export-vesicle membranes could
play a role in the regulation of p7 oligomerization, as well as in ion-channel activity, just as the composition
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of the lipid membrane appears to do [201].
Compared with selective ion channels of eukaryotic cells like, for instance, voltage-gated potassium chan-
nels, which exhibit specific pore-lining motifs [209], the p7 channel appears to have a minimalist channel
architecture, as generally observed in viroporins [43]. It is solely held together through non-covalent, inter-
monomer interactions, and tends to form a stable pore open to the solvent. The transient nature of the pore
in the Hexamer B model suggests the possibility of gating via minimal conformational change. Noteworthily,
none of the p7 hydrophilic pore-lining residues studied by mutagenesis, which display substantial intra- and
inter-genotype variability, appears to be really essential for p7 ion channeling in vitro. Our study indicates
a role for hydrophobic residues at or near positions 25 and 32 in gating the p7 channel. The involvement of
F25 was already suggested by the hyperactivity of channels in which F25 and neighboring F22 and F26 were
replaced by alanines [180], as well as its role in conferring resistance to alkylated imino-sugars [47], but the
significance of I32 has yet to be explored. While there is some variation in sequence at these positions across
the multiple genotypes of p7, there seem always to be bulky hydrophobic residues at positions 32 and 24 or
25. The presence of these hydrophobic barriers prompts a scenario in which gating could be promoted by
small movements of the α-helical segments (see the earlier discussion in Montserret et al. [127]). Together
with the fact that p7 is only weakly ion selective, it is possible that hydrophilic pore-lining residues would be
all that is required to attract and conduct ions across the channel. All these features, shared among most vi-
roporins, are consistent with the notion that the mechanism of gating of viroporins in general [43], and of p7
in particular, is rather minimalist. These findings have important implications for the development of drugs
aimed at blocking p7 activity. Targeting of pore lining-residues could, indeed, be vain and/or rapidly induce
viral resistance, as suggested by the large natural amino acid variability. In contrast, compounds targeting
strictly conserved residues essential for p7 assembly could inhibit oligomer formation and are expected to be
more promising.
5.5 Summary
Several potential models of the p7 oligomer were investigated via molecular dynamics simulations. It was
found that p7 can, in simulation, form stable oligomers with four to seven subunits. There is a slight
preference for the formation of hexamers and heptamers over pentamers and tetramers, based on structural
stability and number of inter-subunit hydrogen bonds. All of the models formed solvent-accessable pores,
but the hexameric model was of particular interest, as it displayed both open and closed conformations.
Several residues, F25 and I32 in particular, were implicated in the gating of such a hexameric model. The
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relationship between the hexameric model presented here and the highly tilted hexamer seen in cryo-EM by
Luik et al. [112] in a DHPC environment was investigated. The hexameric model was fitted into the envelope
of the cryo-EM density map, and the resulting structure remained highly tilted in a DHPC membrane while
straightening back up towards its original conformation in a POPC membrane. These results reveal a
picture of the p7 oligomer as a highly flexible and robust structure, capable of adapting to different lipid
environments, and tolerating multiple oligomerization states.
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Chapter 6
Summary
This dissertation has explored two different membrane-protein systems: the light-harvesting LH1 and LH2
complexes from purple photosynthetic bacteria, and the p7 viroporin from Hepatitis C.
In the first part of this dissertation, assemblies of closely packed LH2 complexes were shown to induce
membrane curvature. An effort was made to explain how and why this curvature comes about. Although
the answer to that question is not clear-cut, we demonstrated that in addition to the shape of the proteins,
the disruption of protein-protein packing on the cytoplasmic side (but not the periplasmic side) by several
conserved charged residues plays a role. An assembly consisting of an LH1 monomer surrounded by LH2s
was not seen to induce membrane curvature, suggesting that the presence of LH1 monomers breaks up the
curvature-producing LH2-LH2 interactions, leading to a flat morphology. The significance of these results
in rationalizing the different chromatophore shapes found in various purple bacteria was discussed. Recent
efforts to model a large patch of a lamellar chromatophore based on AFM data were presented, and future
work modeling full chromatophores was explored.
The second part of this dissertation presented several potential models of the p7 viroporin, and particular
heptameric and hexameric models were identified as the most likely arrangements. However, several models,
containing four to seven p7 monomers, were found to be stable. We suggested that multiple p7 oligomeriza-
tion states could coexist in the ER membrane, and that p7 self-assembles in a sequential manner, such that
tetramers and pentamers could transiently form as intermediate states to the final hexameric and heptameric
arrangements. We explored in depth a hexameric model, for which both open and closed pore conformations
were observed, and suggested a key role for hydrophobic residues near positions 25 and 32 in gating the pore.
We reconciled our model with the highly-tilted flower-like arrangement seen in cryo-EM experiments by fit-
ting our model into the density map from the EM data. We observed that the resulting structure remained
highly tilted in DHPC lipids (as were used in the experiment) but straightened up in POPC lipids (as would
be found in the ER) towards the original upright configuration. We therefore suggest that p7 oligomers are
highly flexible, and capable of adapting to different lipid environments. Overall, we find that p7 displays
properties characteristic of what are referred to as “viroporins”, in that it is capable of aggregating into
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robust, minimalistic channels, and is flexible enough to accommodate multiple oligomerization states and to
adapt to local lipid environments.
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